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STRONG REVERSIBLE HYDROGELS

CROSS-REFERENCE TO RELATED PATEN'T
APPLICATIONS

This application claims priority from U.S. Provisional

Application No. 60/907,177, filed Mar. 23, 2007, which 1s
incorporated herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

This invention relates to new hydrogel materials that com-
prise water gellants comprising hydrophilic polymers to
which several hydrogen bonding units are covalently attached
via an a polar motif so that they are cross-linked in areversible
supramolecular way by hydrogen bonds. As the water gel-
lants are physically or non-covalently cross linked, the hydro-
gel materials are more easily processed. In addition, fine-
tuning of the matenal properties of such hydrogel materials
(e.g. mechanical strength or elasticity, degradation behavior)
can be controlled more easily.

BACKGROUND OF THE INVENTION

Structurally, hydrogels are three-dimensional networks of
polymer chains with a high content of absorbed water mol-
ecules. Hydrogels find applications in for example medical
applications including bone transplants and tissue adhesives,
drug delivery systems, pharmaceuticals and in water manage-
ment.

Hydrogels can occur in the cross-linked form or in the
uncross-linked form. Cross-linking usually provides higher
viscosities due to an apparent or real increase o the molecular
weight and often results into the formation of gels.

Cross-linking can be achieved chemically by the formation
of covalent bonds or physically by the formation of e.g.
hydrogen bonds or 1onic interactions. Obviously, cross-link-
ing can also be achieved both chemically and physically.

Chemical cross-linking of hydrophilic polymers 1s a gen-
eral and often applied route to obtain hydrogels. In order to be
able to administer or process these gels, prepolymers are
dissolved 1n water and are then polymerized resulting in (1n
situ) hydrogel formation. Hydrogellation procedures are
often based on the use of acrylic or methacrylic macromono-
mers that are not preferred i (biomedical) applications,
because of their inherent toxicity and because they usually
require an auxiliary, potentially hazardous, mitiator for poly-
merization. Moreover, chemically cross-linked hydrogels
lack reversibility and are limited in their degradation behav-
101, as poly(acrylate)s and poly(methacrylate)s are not biode-
gradable. For example, U.S. Pat. No. 5,410,016 discloses
hydrogels based on copolymers of poly(ethylene glycol) with
poly(DL-lactide) containing pendant acrylate functions that
are cross-linked 1n situ. WO 01/44307 discloses hydrogels
based on polyvinyl alcohol modified with pendant acrylate
and methacrylate groups that are chemically cross-linked 1n
situ. Hence, according to these prior art references, an 1rre-
versible cross-linked hydrogel 1s obtained by starting from
water processable prepolymers that contain reactive groups.

Hydrogels based on natural polymers, especially collagen,
are biocompatible and mostly thermally reversible (Mooney
et al. Chem. Rev. 101, page 1869, 2001). However, the
mechanical properties of these gels are limited and hardly, 1f
at all, tunable. Especially the mechanical strength 1n these
materials 1s too low, and often an additional chemical modi-
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fication 1s required to make them stronger. However, this
results 1n a reduced biocompatibility and a reduced biodeg-
radation.

U.S. Pat. No. 4,942,035 and U.S. Pat. No. 5,548,035 dis-
close hydrogels based on block-copolymers 1n which hydro-
philic blocks are alternated by hydrophobic blocks. For
example, U.S. Pat. No. 4,942,035 discloses a triblock copoly-
mer consisting ol a polyethylene glycol middle block sur-
rounded by two poly(D,L-lactide-co-glycolide) polyester
blocks (weight ratio of polyester to PEG at least 1) was
prepared and showed gelling behaviour 1n water. The hydro-
gels are formed because of phase separation of the hard
hydrophobic polvester block, and consequently the relative
amount ol the hydrophobic polymer needs to be high to
counterbalance the hydrophilicity of the polyethylene glycol
block to guarantee the gelling behaviour. Theretore, the range
of mechanical properties of these gels 1s limited—ior
examples with respect to the elasticity—as these properties
are mainly governed by the hard block.

WO 99/07343 discloses thermally reversible hydrogels
intended for uses 1n drug delivery applications that are based
on a hydrophilic polyethylene glycol block and hydrophobic
PLLA (poly-L-lactic acid) blocks. The gelling 1s governed by
the presence of the crystalline hard blocks formed by the
PLLA. The presence of the crystalline PLLA-blocks limits
the mechanical properties and the biodegradation of these
materials to a great extent.

U.S. Pat. No. 6,818,018 discloses hydrogels that can be
formed 1n amammal 1n situ by providing a system comprising
a first polymer that 1s capable to form physical cross-links and
a second polymer that 1s capable to form chemical cross-
links. The first polymer may be selected from a wide group of
materials including 1onomers whereas the second polymer
may be selected from virtually any material that has chemical
groups capable of forming covalent bonds.

U.S. Pat. No. 5,883,211 discloses a thermo-reversible
hydrogel comprising a physically cross-linked copolymer
based on poly(acrylamide) containing up to six different
monomers with hydrogen bonding N-substituent groups. The
relative content of these monomers with hydrogen bonding
N-substituent groups 1n the copolymer needs to be higher
than 50% to display thermo-reversible gelling behaviour.

In general, “supramolecular chemistry” 1s understood to be
the chemistry of physical or non-covalent, oriented, multiple
(at least two), co-operative interactions. For instance, a
“supramolecular polymer” 1s an organic compound that has
polymeric properties—ior example with respect to its rheo-
logical behaviour—due to specific and strong secondary
interactions between the different molecules. These physical
or non-covalent supramolecular interactions contribute sub-
stantially to the properties of the resulting matenal.

Supramolecular polymers comprising (macro)molecules
that bear hydrogen bonding units can have polymer properties
in bulk and i solution, because of the hydrogen bridges
between the molecules. Syybesma et al. (see U.S. Pat. No.
6,320,018 and Science, 278, 1601) have shown that 1n cases
where a self-complementary quadruple hydrogen bonding
umt (4H-unit) 1s used, the physical interactions between the
molecules become so strong that materials with much
improved properties can be prepared.

A poly(ethylene-propylene) oxide co-polymer (PEO-
PPO-polymer) having three alcohol end groups was modified
with 4H-units (ci. Lange et al. J. Polym. Sci1. A, 1999, 3657
and WO 02/098377). The modified polymer was soluble 1n
organic solvents such as chloroform and THF and it appeared
that the viscosity of the polymer was significantly effected by
the polarity of the solvent. For example, addition of water to
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a solution of the polymer resulted 1n a significant decrease of
the viscosity due to breaking of the hydrogen bonds between
polymer molecules and formation of hydrogen bonds
between polymer molecules and water molecules. However,
the viscosity was still much higher than that of a reference-
solution of a low molecular weight compound bearing one
4H-unit. Due to the relatively high PPO-content (63%) of the
PEO-PPO copolymer, this material will hardly, 11 at all, dis-
solve in water and the polymers have not been tested in water.

EP A 1392222 discloses inter alia a telechelic poly(ethyl-
ene-propylene)oxide co-polymer (PEO-PPO-polymer) hav-
ing three alcohol end groups that 1s modified with 4H-unaits
resulting 1n a non-waterprocessable polymer. Nevertheless,
in example C of this patent a hairstyling gel 1s disclosed with
only 0.2 wt % of the PEO-PPO-polymer containing 4H-units,
1in an aqueous composition that further contains 1.0 wt % of a
gelling agent based on cross-linked high molecular weight
polyacrylate and 17 wt % ethanol as co-solvent. Apparently,
the high ethanol content 1s needed to make the PEO-PPO
polymer processable, and the polyacrylate 1s required to get a
gel composition.

US 2003/0079644 discloses ik additives comprising 2-4

4H-units that are prepared from e.g. PEO-PPO polymers
commercially available under the trade name VORANOL®
from Dow Chemical Co., Midland, Mich., US, and 2(6-1s0-
cyanato-hexylaminocarbonylamino)-6-methyl-4(1H)-py-

rimidone. According to the Examples XIII-XVI of US 2003/
0079644, the ink compositions may comprise up to S wt. % of
the polymer and water 1n the range of about 18 to about 35
wt. % and these compositions would have a viscosity at about
25° C. of no morethan about 10 cP (ct. paragraphs [0174] and

[0179] of US 2003/0079644). This implies that these poly-
mers are not water gellants.

Kautz et al. (Macromolecules, 2006, 39, 4265) show by
AFM measurements that in telechelic poly(ethylene-buty-
lene)polymers modified with 4H-units, the phase separation
of the 4H-units 1s more pronounced when polymer backbone
and 4H-unit are connected via a urea group when compared to
a urcthane connecting group. The mechanical properties of
the urea-based polymer are not better, but worse, as evidenced
by tensile testing results. Also, the presented materials cannot
be used for hydrogel formulations due to their lack of hydro-
philicity.

WO 2006/118460 discloses hydrogel materials compris-
ing water gellants that are comprised by hydrophilic poly-
mers to which at least two 4H-units are covalently attached
via urethane-alkyl moieties. However, 1t appeared that these
hydrogel materials are insuilicient in strength for several
applications. In addition, 1n some examples a toxic Sn-cata-
lystis employed and the presence of residues of such catalysts

are undesired, 1n particular when the hydrogel materials are
intended for biomedical applications.

WO 2006/118461 discloses modular supramolecular
bioresorbable or biomedical material comprising (1) a poly-
mer comprising at least two 4H-units and (11) a biologically
active compound. The supramolecular bioresorbable or bio-
medical material 1s especially suitable for biomedical appli-
cations such as controlled release of drugs, materials for
tissue-engineering, materials for the manufacture of a pros-
thesis or an implant, medical imaging technologies.

Because of the reviewed shortcomings of state-oi-the-art
hydrogels, there 1s a need for synthetic polymers that are able
to gel water reversibly, implying that the hydrogels can be
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switched between a gelled state and a liquud state. This would
facilitate easy processing and administration of these hydro-
gels. In addition, 1t 1s desired that reversible hydrogels can be
made that are elastic and that have high strengths. It would
also be advantageous to be able to make biodegradable
reversible hydrogels. Finally, in view of biomedical applica-
tions for hydrogels, 1t would be very beneficial to be able to
make water gellants and their hydrogels in a quality-con-
trolled fashion.

SUMMARY OF THE INVENTION

It 1s an object of the present mvention to provide new
hydrogels comprising a polymeric water gellant, water and
optionally another solvent and a process to prepare such new
hydrogels, preferably without the use of a toxic metal-based
catalyst. With this invention, easy preparation of hydrogels 1s
enabled without the need for chemical cross-linking proce-
dures. The hydrogels according to the invention combine easy
processing and admainistration with good and tunable
mechanical properties, while 1t 1s optional to make the hydro-
gels biodegradable.

The present invention therefore relates to a hydrogel com-
prising:
(a) 0.3-50.0 wt. %, based on the total weight of the hydrogel,
ol a water gellant comprising a polymer backbone P having,
the structure according to formula (A) or formula (B):

P-[L-(4H),] (A)

or

[P-L-(4H)-L-], (B)

wherein:
n 1s 1n the range of 1.8 to 10;
p 1s 1n the range of 2 to 25;

L 1s a hydrophobic linker selected from the group consist-
ing of cyclic, linear or branched C,-C,, alkylene groups,
C4-C,, arylene groups, C,-C,, alkarylene groups and
C,-C,, arylalkylene groups, wherein the alkylene
groups, arylene groups, alkarylene groups and arylalky-
lene groups optionally, but not preferably, comprise 1-5
heteroatoms selected from the group consisting of O, N
and S, and wherein said hydrophobic linker L 1s

covalently connected to the 4H-unit via an urea or via an
amide moiety; and wherein

4H represents the 4H-unit that has the general formula (1)
or (2):

(1)
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-continued
(2)

wherein the C—X, and the C—Y, linkages each represent
a single or double bond, n 1s 4 or more, and X, represent
donors or acceptors that form hydrogen bridges with the
H-bridge forming monomeric unit containing a corre-
sponding general form (2) linked to them with X, repre-
senting a donor and Y, an acceptor and vice versa; and

(b) 50.0 to 99.7 wt. % water.

In another embodiment of this invention, the water gellant
1s constructed from a polymer backbone P to which at least
1.8 urea or amide hydrogen bonding units are connected via a
hydrophobic linker L. The urea or amide functions are more
simple hydrogen bonding units than the 4H-unat.

DETAILED DESCRIPTION OF THE INVENTION

It was surprisingly found that hydrogels based on water
gellants comprising hydrophilic polymers comprising
4H-units could be improved in their mechanical performance
when the 4H-unit was linked to the polymer backbone with a
hydrophobic linker L., where this hydrophobic linker L was
covalently connected to the 4H-unit with an urea or an amide
moiety. The novel hydrophilic polymers are prepared by a
versatile synthetic method. Moreover, this method does not
require toxic (metal) catalysts, which makes the water gel-
lants more suitable for biomedical applications.

The reversibility of the supramolecular hydrogen bonding,
interaction allows for reversible switching between a gelled
state and a liquid state by changing the temperature, the
concentration of polymeric gellant, or the polarity or 10nic
strength of the solvent, and therefore makes it possible to
casily process or admimster the hydrogel for the desired
application. Moreover, the reversible supramolecular interac-

tion can also favour the biodegradation of the hydrogel mate-
rial.

In this document, the structure of the water gellant accord-
ing to this imvention and 1ts preparation are disclosed, as well
as the components of the gellant: (1) the hydrogen bonding
4H-unit, (11) the polymer backbone P and (111) the hydropho-
bic linker L. Finally, the hydrogels that can be prepared from
the newly prepared water gellants are disclosed.

GENERAL DEFINITIONS

An urea moiety as indicated in this document 1s to be
understood as a moiety according to the formula:

—NR—C(X)—NR_—

wherein X 1s O or S, preferably O, R 1s, independently, a
hydrogen atom or a linear, branched or cyclic C,-C, , alkyl
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group, prelerably hydrogen, or a linear, branched or cyclic
C,-C, alkyl group, most preterably a hydrogen.

An amide moiety as indicated 1n this document 1s to be
understood as a moiety according to the formula:

—NR —C(X)—

wherein X and R | are as described above.
An urethane moiety as imndicated in this document 1s to be
understood as a moiety according to the formula:

—NR_—C(X)—X

wherein X and R are as described above (X can indepen-
dently be O or S).

An ester moiety as indicated in this document 1s to be
understood as a moiety according to the formula:

—C(X)—X

wherein X 1s as described above (X can independently be O or
S).

A carbonate moiety as indicated 1n this document 1s to be
understood as a moiety according to the formula:

X C(X)—X

wherein X 1s as described above (X can independently be O or
S).

An amine moiety as indicated in this document 1s to be
understood as a moiety according to the formula:

_N(R.:I)_

wherein R 1s as described above.
An ether moiety as indicated in this document 1s to be
understood as a moiety according to the formula:

X

wherein X 1s as described above.

An 1socyanate group 1s to be understood as a —NCX
group, wherein X 1s as described above.

Acrylate and methacrylate groups are to be understood as
R,—C(—CH,)—C(X)—X— groups, wherein X 1s as
described above (X can independently be O or S), and
wherein R, 1s hydrogen or methyl. It 1s, however, preferred
that in acrylate and methacrylate groups X 1s O.

Acrylamide and methacrylamide groups are R,—C
(—CH,)—C(X)—N(R;)}— groups, wheremn X and R, are as
described above, and wherein R, 1s hydrogen or methyl. It 1s,
however, preferred that in acrylamide and methacrylamide
groups X 1s O.

The verb “to comprise” as 1s used 1n this description and 1n
the claims and 1ts conjugations 1s used 1n 1ts non-limiting
sense to mean that items following the word are included, but
items not specifically mentioned are not excluded. In addi-
tion, reference to an element by the indefinite article “a” or
“an” does not exclude the possibility that more than one of the
clement 1s present, unless the context clearly requires that
there 1s one and only one of the elements. The indefinite
article “a” or “an” thus usually means “at least one”.

The Structure of the Water Gellant and 1ts Preparation
The water gellant of this invention has the general structure

(P)-(L)-(4H),

where P represents the polymer backbone to which the
4H-unit 1s covalently connected via the hydrophobic linker L.

The water gellant has a molecular weight of 1200 to 1,000,
000, preferably 2000 to 100,000, more preferably 3000 to

80,000, more preferably 5000 to 50,000 and most preferably

7,500 to 21,000 Dalton.
The 4H-units can be attached to the polymer backbone P

via the hydrophobic linker L 1n any way, e.g. by grafting onto
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the polymer backbone, by attachment to multiple—i.e. two or
more—end groups of the polymer backbone, or the 4H-units
can be an imtegral part of the backbone of the polymer that
constitutes the water gellant. As will be understood by the
person skilled 1n the art, the 4H-units may also be attached by
a combination of these bonding modes.

It 1s preferred that the polymer backbone P and the hydro-
phobic linker L are connected via a (thio))urea, (thiojurethane,
amide, ester, carbonate, secondary amine, tertiary amine or
cther moiety, more preferably a urethane, urea or ether group,
most preferably a urethane group.

The hydrophobic linker L 1s preferably connected to the
4H-unit via a (thio)urea, (thio Jurethane, amide, ester, carbon-
ate, secondary amine, tertiary amine or ether moiety. It is,
however, more preferred that the hydrophobic linker L and
the 4H-unit are connected via a (thio )urea or an amide moiety,
even more preferably via a urea or amide moiety, most pret-
erably via a urea moiety.

More preferably, the water gellant of this invention has the
structure P-[L-(4H)],, or the structure [P-L-(4H)-L-] . Most
preferably, the water gellant has the general structure [P-L-
(4H)-L-],.

In the structure P-[L-(4H)],, structure (A), the polymer
backbone P 1s multifunctional and has n 4H-units connected
to 1t via the hydrophobic linker L. The functionality n 1s at
least 1.8, and 1s preferably 1.8 to 10, more preferably 1.8 to 3,
even more preferably 1.8 to 3, most preferably 1.8 to 2, 1n
which case the water gellant 1s preferably telechelic and has
the general structure:

(4H)-L-P-L-(4H),

in which the backbone P 1s at each of the two sides connected
to a 4H-unit via the hydrophobic linker L. Due to a somewhat
lesser definition of the telechelic material, the functionality n
may be as low as 1.8, but 1s preferably higher than 1.9, most
preferably higher than 1.93.

In the structure [P-L-(4H)-L-] ,, structure (B), the polymer
backbone P 1s covalently chain extended with the 4H-unit via
the hydrophobic linker L. Here, the number of repeating units
p 1s at least 2, more preferably at least 3, most preferably at
least 4. It 1s preferred that p 1s not higher than 25.

The hydrophobic linker L can be introduced into the water
gellant by two methods: (a) the hydrophobic linker L 1s
covalently attached to the polymer backbone P and thereatter
the resulting functional prepolymer 1s connected to a 4H-unit
building block to produce the water gellant or, (b) the hydro-
phobic linker L 1s attached to the 4H-umt and the resulting
tfunctional building block 1s covalently attached to the poly-
mer backbone P to produce the water gellant.

Method (a) 1s preferred, and 1n this method the functional
prepolymer 1s preferably denoted as P-[L] , where n repre-
sents the number of hydrophobic groups that are attached to
the polymer backbone P. Preferably, n 1s at least 1.8, more
preferably n1s 1.8 to 10, more preferably 1.8 to 5, even more
preferably 1.8 to 3, most preferably 1.8 to 2, in which case the
prepolymer 1s preferably telechelic and can be denoted as
[.-P-L., where the backbone P 1s at each of the two sides
connected to a functional hydrophobic group L. Due to a
somewhat lesser definition of the telechelic material, the
functionality n may be as low as 1.8, but 1s preferably higher
than 1.9, most preferably higher than 1.95. The functional
groups attached to the hydrophobic linkers L are preferably
secondary or primary amine groups, most preferably primary
amine groups.
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Accordingly, the present invention relates to a method for
the preparation of a water gellant having the formula (A) or
the formula (B):

P-[L-(4H)],

(A)
or

[P-L-(4H)-L-], (B)

wherein 1n a first step a polymer backbone P 1s converted into
a prepolymer according to the formula P-[L],, and wherein in
a second step the 4H-unit 1s introduced at the termim of the
hydrophobic linker moiety L, wherein P, L and the 4H-umit
are connected to each other by moieties selected from the
group consisting of (thio)urea, (thio)urethane, amide, ester,
carbonate, secondary amine, tertiary amine and ether moi-
cties. As will be apparent to the skilled person, the polymer
backbone P, the hydrophobic linker L. and the 4H-unit are
tfurnished with functional groups that are capable in providing
the connecting moieties described above.

In method (b), the hydrophobic linker L 1s attached to the
4H-unit to produce the building block 4H-[L]_, wherein q
represents the number of hydrophobic linker groups L
attached to the 4H-unit. Preferably, g 1s 1 or 2, most preferably
q 1s 1. The functional group attached to the hydrophobic
linker L in building block 4H-[L ] 1s preterably anisocyanate,
amine, acrylate, methacrylate, acrylamide, methacrylamide
or hydroxy group, more preferably an amine or isocyanate
group, most preferably an amine.

Accordingly, the present invention also relates to a method
for the preparation of a water gellant having the formula (A)
or the formula (B) that are shown above, wherein 1n a first step
a hydrophobic linker L 1s functionalised at a first terminus
thereof with a 4H-unit to provide a building block having the
structure 4H-[L | _, wherein q represents the number of hydro-
phobic linker groups L attached to the 4H-unit and wherein q
1s 1 or 2, wherein the hydrophobic linker has a functional
group at the other terminus, and wherein 1n a second step the
building block having the structure 4H-[L]_ 1s connected to
the polymer backbone P. The backbone P, the linker L and the
4H-unit are connected to each other by moieties selected from
the group consisting of (thio)urea, (thio)urethane, amide,
ester, carbonate, secondary amine, tertiary amine and ether
moieties. As will be apparent to the skilled person, the poly-
mer backbone P, the hydrophobic linker L and the 4H-unit are
tfurmished with functional groups that are capable 1n providing
the connecting moieties described above.

In a less preferred embodiment of this invention, the amine
functional prepolymer P-[L], as prepared 1in above mentioned
method (a) 1s reacted with a mono- or difunctional compound
to produce water gellants 1n which the polymer backbone P 1s
linked to a sitmple hydrogen bonding unit via the hydrophobic
linker L. The simple hydrogen bonding unit can be any hydro-
gen bonding unit known 1n the art, but 1s preferably a (thio)
urea, an amide, or a (thio)urethane. More preferably, it 1s an
urea or an amide, most preferably an urea. Accordingly, the
mono- or difunctional compounds are preferably (di)isocy-
anates, (di1)thioisocyanates, (di1)amines which are optionally
activated, (di)acid chlornides, (di1)esters which are optionally
activated, (di)ols which are optionally activated, (di)acryl
amides, (di)methacryl amides or (di)thiols which are option-
ally activated, preferably (di)isocyanates, (di) activated
amines or (di) activated esters, most preferably (di)isocyan-
ates. Non-limiting examples are hexylisocyanate, dodecyl-
isocyanate, 1,6-hexyldiisocyanate, 1,10-decyldiisocyanate,
1sophorone diisocyanate, adipoyl chloride, glutaryl chloride,
succinyl chloride, undecenoyl chloride, and the like.

Also 1n this less preferred embodiment, for P-[L],, n 1s
preferably 1.8 to 10, more preferably 1.8 to 5, even more
preferably 1.8 to 3, most preferably 1.8 to 2, in which case the

amine functional polymer 1s preferably telechelic, and n 1s
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preferably 1.9 to 2, most preferably 1.95 to 2. When n=1.8 to
2,the compounds with which P-[LL]  are reacted can be mono-
functional (1.e. acapping reaction) or difunctional (1.e. achain
extension reaction), preferably difunctional. When n 1s

greater than 2, the compound 1s monofunctional (1.e. a cap-
ping reaction).

The water gellant according to this embodiment of the
invention has a molecular weight of 1200 to 1,000,000, pret-
erably 2000 to 100,000, more preferably 3000 to 80,000,
more preferably 5000 to 50,000 and most preferably 7,500 to
21,000 Dalton.

The 4H-Unat

The 4H-unait of this invention has the general formula (1) or

(2):

(1)

(2)

wherein the C—X, and the C—Y, linkages each represent a
single or double bond, n1s 4 or more, and X, represent donors
or acceptors that form hydrogen bridges with the H-bridge
forming monomeric unit containing a corresponding general
torm (2) linked to them with X, representing a donor and Y, an
acceptor and vice versa. It 1s preferred that the 4H-unit 1s an
essentially planar or flat structure.

It 1s also preferred that 1n formulas (1) and (2) n equals 4 so
that the 4H-unit comprises four donors or acceptors X, ... X,
andY, ...Y,. The 4H-unit may be self-complementary (i.e.
the two hydrogen bonded units X, ... X, andY, ...Y, have
an equal array of donors and acceptors), or non self-comple-
mentary (1.e. the two hydrogen bonded units X, . . . X, and
Y, ...Y, have two different arrays of donors and acceptors).
Preferably, the 4H-unit comprises two successive donors,
tollowed by two successive acceptors, 1.¢. that 1t 1s preferred
that X, and X, are donors and X, and X, are acceptors.
Preferably, the donors and acceptors are O, S, and N atoms.
The 4H-unit 1s 1n detail disclosed in U.S. Pat. No. 6,320,018

which 1s incorporated by reference herein.

According to a preferred embodiment of the present inven-
tion the 4H-unit has the general formula (3) or formula (4) and
tautomers thereof:
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R2
- H,.NN)\IR3

R )‘k )\
Ty

(3)

H H
(4)
RZ

R] H )\

\Nm" I\i \X

)‘\ )\ /)\ R’

0 I‘\I N Iif'

H H

wherein X 1s a nitrogen atom or a carbon atom bearing a
substituent R*>!' preferably X is a nitrogen, and wherein R",
R? R'> and R’ are selected from the group consisting of:
(a) hydrogen;

(b) C,;-Cyp alkyl:

(¢) Cs-Cy, aryl

(d) C,-C,, alkaryl;

(e) C,-C,, alkylaryl;

(1) polyester groups having the formula (5)

. : ()
—(CR%),—C—O1+—Y

O

wherein R* and Y are independently selected from the
group consisting ot hydrogen and C, -C linear or branched

alkyl, n1s 1-6 and m 1s 10 to 100;
(g) C,-C,, alkyl groups substituted with 1-4 ureido groups
according to the formula (6)

R°>—NH—C(O)—NH— (6)

wherein R is selected from the group consisting of hydro-
gen and C, -C linear or branched alkyl;
(h) polyether groups having the formula (7)

(7)
—FCR*H—CR'H—O —Y

wherein Y, R® and R are independently selected from the

group consisting of hydrogen and C, -C linear or branched

alkyl and o 1s 10-100, and
wherein the 4H-unit 1s bonded to the polymer backbone P via
R', R? and/or R> (so that R', R* or R represent a direct bond)
with the other R groups representing, independently a side
chain according to (a)-(h).

As will be apparent to the person skilled in the art, the
groups (b)-(h) defined above may be linear, branched or
cyclic where appropriate.

In a first preferred embodiment, the 4H-unit 1s bonded to
the polymer backbone P viaR' (so that R' constitutes a direct
bond), while R* and R” are independently any one of the
groups (a)-(h) defined above, preferably group (a) or group
(b), more preferably for group (b) 2-ethylpentyl, n-decyl,
n-tridecyl, n-pentyl or methyl and most preferably methyl.
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Most preferably, the 4H-unit 1s bonded to the polymer back-
bone via R', whereas R* is any one of the groups (a)-(h)
defined above, more preferably group (b), even more prefer-
ably 2-ethylpentyl, n-decyl, n-tridecyl, n-pentyl or methyl
and most preferably methyl, and R> is hydrogen.

In a second pretferred embodiment, the 4H-unit 1s bonded

to a polymer backbone P via R' and R” (so that R' and R”
constitute direct bonds), while R is any one of the groups
(a)-(h) defined above, preferably group (a) or (b), more prei-
erably group (a) or the 4H-unit 1s bonded to a polymer back-
bone P via R' and R? (so that R" and R> constitute a direct
bond), while R” is any one of the groups (a)-(h) defined above,
preferably group (b), more preferably 1sopropyl or methyl
and most preferably methyl. Most preferably for this embodi-
ment, the 4H-unit is bonded to a polymer backbone P via R’
and R°, while R” is any one of the groups (a)-(h) defined
above, preferably group (b), more preferably 1sopropyl or
methyl and most preferably methyl.

The 4H-unit building blocks that are used to prepare the
water gellants of this invention are furnished with functional
groups that are part of the residues R*, R* or R®. Also when the
R', R* or R® residues are furnished with functional groups for
coupling to the polymer backbone P, these residues do spe-
cifically not contain the linker L. The functional groups can be
any functionalities known in the art, but are preferably (thio)
1socyanates, (activated) amines, alcohols, thiols, (activated)
esters, acrylates, methacrylates, acryl amides, methacryl
amides or other vinyl groups, more preferably 1socyanates,
(activated) amines, acrylates, methacrylates or alcohols, even
more preferably 1socyanates or (activated) amines, most pret-
erably 1socyanates.

The Polymer Backbone P

The polymer backbone P has a molecular weight of 250 to
200,000, preterably 1000 to 100,000, more preferably 2000
to 80,000, more preferably 3000 to 50,000 and most prefer-
ably 5000 to 30,000 Dalton.

The polymer backbone P 1s preferably a hydrophilic poly-
mer, and according to this invention, a hydrophilic polymer 1s
defined as a polymer having a solubility 1n water of at least 1
o/L..

P may represent any type of polymer backbone known in
the art, such as preferably polyethers, polyesters, polyamides,
polyacrylates, polymethacrylates, polyolefins, hydrogenated
polyolefins, polysiloxanes, polycarbonates, (per)fluorinated
polyethers, polyvinylenes, or co-polymers of such polymers.
More preferably, the polymer backbone 1s a polyether, poly-
ester, polyacrylate, polymethacrylate, polyolefin, hydroge-
nated polyolefin, polycarbonate, polyvinylene, or a co-poly-
mer of such polymers. Even more preferred are polyethers,
polyesters, or copolymers thereof. Most preferably, P 1s a
polyether, preferably a polyglycol, preferably a polyethylene
glycol or a poly ethylene-co-propylene glycol (random or
block), most preterably a polyethylene glycol.

Although some of the above listed polymer backbones P
themselves may not be hydrophilic per se, co-polymerizing
them with the right amount of water soluble polymer, or use
ol a combination of these polymer backbones P can lead to a
water gellant, as will be obvious to a person skilled 1n the art.

The polymers P that are used to prepare the water gellant of
this mvention can have different functional groups, such as
for example alcohols, amines, thiols, 1socyanates, carboxylic
acids or combinations of these end groups. Preferably, the
functional groups are alcohols or amines, most preferably
alcohols, preferably primary alcohols. In this preferred case,

the polymer backbone P 1s derived from a hydroxy functional
polymer P—(OH), .
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The functional polymer P that 1s used to prepare the water
gellant of this mvention can have different numbers (n) of
functional groups. The average functionality n of the func-
tional polymer 1s preferably 1.8 to 10, more preferably 1.8 to
S5, even more preferably 1.8 to 3, and most preferably 1.8 to 2.

The polymers P that are used to prepare the water gellant of
this invention can be combinations of polymers with different
backbone compositions, different architectures, different
molecular weights and/or a different (numbers of) functional
groups. For example, one can use a telechelic polyethylene
glycol with a molecular weight of 5000 Dalton 1n combina-
tion with a telechelic polyester with a molecular weight of
500 Dalton.

According to the first embodiment of this invention, the
functional polymer P that 1s used to prepare the water gellant
1s a telechelic polymer, and this telechelic polymer 1s prefer-
ably hydroxy functional. One can represent this telechelic
polymer as P—(OH) _, with n (about),, or 1.8 to 2, more
preferably 1.9 to 2, most preferably 1.95 to 2. The polymer
P—(OH), 1s preferably selected from the group consisting of
polyethers, polyesters, polyamides, polycarbonates, polysi-
loxanes, hydrogenated polyolefins, polyortho esters, or lower
molecular weight materials that are derived from dimerized
fatty acids, such as Pripol and Priplast, both marketed by
Unigema BV, the Netherlands, more preferably, the prepoly-
mer backbone P 1s selected from the group consisting of
polyethers or polyesters, most preferably P 1s selected from
polyethers, most preferably polyethylene glycols.

Examples of telechelic functional polymers P—(OH), are
(a) polyetherdiols having a polyoxyalkylene structure, such
as polyethylene glycols, polypropylene glycols, poly(ethyl-
ene-co-propylene) glycols (random or block), poly(ethylene-
block-propylene-block-ethylene) glycols (also known as Plu-
ronics),  polytetramethylene  glycols  (1.e.  poly-
tetrahydrofurans) or  poly(ethylene-co-tetramethylene)
glycols. Other examples are (b) polyesterdiols or copolyester
diols, made by polycondensation of dicarboxylic acids and
diols, or by polycondensation of hydroxyacids, or by rin-
gopening polymerisation of e.g. &-caprolactone, glycolide,
lactide, 0-valerolactone, 1.4-dioxane-2-one, 1,5-dioxepan-2-
one, oxepan-2,7-dione, and the like. Specific examples are
poly E-caprolactonediols, hydroxy terminated polyadipates
or polyglutarates, such as hydroxy terminated poly(1,4-buty-
lene adipate)s, hydroxy terminated poly(1,2-ethylene adi-
pate)s, hydroxy terminated poly(1,4-butylene glutarate)s,
hydroxy terminated poly(2-methyl-1,3-propylene adipate)s,
hydroxy terminated poly(2-methyl-1,3-propylene glutarate)
s, hydroxy terminated poly(2-methyl-1,5-pentylene adipate)
s, polyesterdiols of polylactides, polyglycolides, poly(lac-
tide-co-glycolide)s, poly(hydroxy butyrate)s,
polyterephthalates such as polyethyleneterephthalates and
polybutyleneterephthalates, polyisophthalates (e.g. hydroxy
terminated copolymers of 5-NaSO,-1sophtalic acid, 1soph-
thalic acid, diethyleneglycol and bis-hydroxymethylene-cy-
clohexane, hydroxy terminated copolymers of 1sophtalic acid
and 1,4-butanediol, hydroxy terminated copolymers of
5-NaSO,-1sophthalic acid, adipic acid, phthalic acid and 1,6-
hexanediol) and polyphthalates such as poly(1,6-hexylene
phthalate)s or hydroxy terminated copolymers of phthalic
acid and diethyleneglycol. Further examples include (¢) poly-
olefine diols or hydrogenated polyolefine diols, such as
hydroxyl functionalized polybutadienes or hydroxyl func-
tionalized hydrogenated poly(ethylene-butylene)s such as
Kraton L-2203 or Nisso-type materials. Other examples are
(d) hydroxy functionalized polycarbonates and co-polycar-
bonates based on glycols or made by ring opening polymer-
ization of e.g. trimethylenecarbonate, 1,3-dioxepane-2-one,
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1,3-dioxanone-2-on and 1,3,8,10-tetraoxacyclotetradecane-
2.9-dione. Examples are hydroxy terminated poly(1,3-pro-
panediol carbonate)glycols, poly(trimethylenecarbonate)s,
poly(1,6-hexanediol carbonate)glycols. More examples
include (e) low molecular weight diols based on dimerized
fatty acids such as Pripols and Priplasts, such as Pripol 2033,

Priplast 3190 or Priplast 3192 (marketed by Unigema BV, the
Netherlands), (1) polysiloxanes such as o,mw-bis(6-hydroxy
hexyl)polydimethylsiloxanes, o,m-bis(oligo-ethyleneoxide)
polydimethylsiloxanes, and (g) polyamides such as a,m-di-
hydroxy-polyamides. Of course, examples are also (h) alco-
hol terminated co-polymers of the examples mentioned
above, such as (block)-co-polymers of poly-caprolactone and
cthylene glycol or (block)-co-polymers of poly-caprolactone
and tetramethylene glycol. Preferred examples of hydroxy
functional telechelics P—(OH), are those of categories (a)
and (b), more preferred are those of (a). Within category (a),
the polymer P—(OH), 1s preferably selected from the group
consisting of polyethylene glycol, poly(tetrahydrofuran) or
poly(ethylene-co-propylene) glycol (random or block). Most
preferably, the polymer within category (a) 1s polyethylene
glycol.

As an alternative, although less preferred, telechelic poly-
oxvyalkylene amines may be used, such as polyethylene gly-
cols or poly(ethylene-co-propylene) glycols with terminal
amino groups. Examples are Jeflamines® as sold by Hunts-
man.

According to the second embodiment of this invention, the
functional polymer P that 1s used to prepare the water gellant
1s selected from the group consisting of multifunctional poly-
mers, Tunctional star polymers, functional grafted polymers,
tunctional (hyper)branched polymers and functional den-
dritic polymers. More preferably, 1n this embodiment, the
functional polymer 1s a functional star polymer, a functional
graited polymer or a functional branched polymer, most pret-
erably a functional star polymer. Also 1n this embodiment, the
functional polymers are preferably hydroxy functional, and
can then be represented by P—(OH), with n>2.

Functional star polymers P—(OH), are preferably poly-
cthers or polyesters, more preferably polyethers. Polyester
star polymers are preferably preparable by ring opening poly-
merization of suitable monomers such as lactones (e.g. &E-ca-
prolactone, lactides, glycolides, and the like), using a multi-
functional alcohol mitiator, such as glycerol, erythritol, 1,1,
1 -tris(hydroxymethyl)ethane,  1,1,1-tris(hydroxymethyl)-
propane, pentaerythritol, saccharoses, and derivatives
thereol. A specific polyester star polymer 1s a polycaprolac-
tone triol prepared from a 1,1,1-tristhydroxymethyl)propane
core. Polyether star polymers are preferably obtainable by
polymerizing ethylene oxide, propylene oxide or a mixture
thereol, using a multifunctional mitiator as core molecule.
Poly(ethylene glycol) star polymers having OH functional
groups can for example be prepared by living anionic poly-
merization using divinyl benzene as the core molecule,
whereafter the polyethylene oxide arms are grown outwards
from the core. Other methods 1include the use of dendritic core
molecules having a multitude of reactive groups from which
polyethylene oxide arms can grow in outward direction. More
simple 1nmitiators, e.g. glycerol, erythritol, 1,1,1-tris(hy-
droxymethyl)ethane, 1,1,1-tnis(hydroxymethyl)propane,
pentaerythritol, saccharoses, and derivatives thereof, can be
used as well as core molecule. Most preferably, the functional
star polymer 1s a poly(ethylene oxide) polymer having OH
end-groups according to Formula (8):

/Z—[(CH,CH-0),—O0OH], Formula (%)
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wherein 7Z represents the multifunctional core, r1s in the range
of 4 to 250 and s 1s 1n the range of 3 to 10, more preferably s
1s 1n the range of 3 to 5, and most preferably s 1s (about) 3.
Examples of functional hyperbranched polymers having
OH-groups are Hybrane® from DSM, The Netherlands, and
Boltorn® from Perstorp, Sweden. Examples of branched

polymers are branched polyglycerols or branched polyesters
having OH-groups. Branched polyglycerols having OH end-
groups can for example be obtained by Lewis acid catalyzed
polymerization of glycidol. Branched polyesters can for
example be prepared by polymerizing a dicarboxylic acid
and/or a dicarboxylic anhydride, a diol such as polyethylene
glycol and a multifunctional alcohol having at least three OH
groups, €.g. trimethylol propane or glycerol. A specific
example of a branched polyester 1s a trifunctional poly(2-
methyl-1,3-propylene)adipate.

Functional grafted polymers P—(OH), are obtainable by
(co)polymerization of vinyl monomers. Preferably, these
vinyl monomers are selected from the group consisting of:

(a) acrylate or methacrylate monomers according to For-
mula (9),

Formula (9)

)\C— D8

O

wherein R® is independently selected from the group con-
sisting of:

(1) OH;

(11) C,-C,, linear or branched alkoxy, optionally substi-
tuted with 1-6 hydroxy groups;

(ii1) amide according to the formula —N(R'®), wherein
R' can be hydrogen or C,-C, linear or branched alkyl,
optionally substituted with 1-6 hydroxy groups;

(iv) ammonium salt according to the formula —[N(R'),]*
X, wherein R'" is as defined for (iii) and X is a halogen
atom; and

(v) a group according to the Formula (10)

Formula (10)

AI-O—(CHQ)Q-‘fORIU
P

wherein R"" is as defined for (iii) and p is 1-50 and q=2
or 3 and where (CH,), can be linear or branched; and
wherein R” is hydrogen or methyl;

(b) C,-C, , linear or branched alkyl vinyl ether;

(¢) vinyl alcohol;

(d) C,-C,, a-alkenylene w-sulfonate having an alkaline
earth metal cation or an alkali metal cation;

(e¢) C.-C,, vinylaryl sulfonate according to Formula (11)

Formula (11)

/\ﬁ

T

SO;M

Rlﬂ
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wherein R'” is as defined for (iii) and M is an alkaline
earth metal or an alkali metal cation;

() CH,—CH—R"!, wherein R'! is selected from the
group consisting of pyrrolyl, imidazolyl, pyrazolyl,
pyridinyl, pyrazinyl, pyrimidinyl, pyrrolidyl, indolyl, >
indolizinyl, indazolyl, purinyl, quinolizinyl, quinolinyl,
1soquinolinyl, phthalizinyl, naphtypyridinyl, quinoxali-
nyl, quinazolinyl, cinnolinyl, pteridinyl, pyrrolidonyl,
pyrrolinyl, pyrrolidinyl, imidazolidinyl, imidazolinyl,
pyrazolidinyl, pyrazolinyl, pipenidyl, piperazinyl,
indolinyl, 1soindolinyl, morpholinyl, 1soxazolyl, furazi-
nyl, and 1sothiazolyl;

(g) CH,—CH—O—C(O)R"*, wherein R'* is selected
from the group consisting of C,-C, linear or branched

alkyl;
(h) CH,—CH—CH,OR">, wherein R'* is selected from
the group consisting of hydrogen and C,-C, linear or

branched alkyl; and
(1) N-vinyl lactams according to the Formula (12)

10

15

20

Formula (12)

[C(RB)Z]P_‘

s

wherein R'" is as defined for (h) and r is 2-6.

More preferably, grafted polymers P—(OH), are obtain-
able by co-polymerizations of monomers selected from
groups (a) and (c), optionally co-polymerised with monomers
of groups (b), (d)-(1). Most preferably, the monomers are
selected from group (a), where preferably hydroxyethyl
methacryalate (HEMA) or hydroxyethyl acrylate (HEA) are
used as co-monomer.

Examples of functional dendritic polymers are poly(pro-
pylene 1imine) dendrimers, poly(amido amino) dendrimers
(both these have amine end groups), or arborol type dendrim-
ers that are alcohol terminated dendrimers.

The multifunctional polymer P according to the second
embodiment of the ivention can be of natural origin or of
synthetic origin. However, according to the invention, it 1s
preferred that the polymer 1s of synthetic origin, and many
examples are given above. I1 the polymer 1s of natural origin, 45
it 1s preferred that 1t 1s selected from the group consisting of
proteins, e.g. proteins selected from the group consisting of
collagen, gelatine, or fibrin, and polysaccharides, e.g.
polysaccharides selected from the group consisting of hyalu-
ronate, agar, agarose, Xxantham gums, natural gum, alginate,
chitosan or msulin, or synthetic derivatives from them, pret-
erably collagen or chitosan.

The Hydrophobic Linker L and its Introduction into the Water
Gellant
The Hydrophobic Linker L

The hydrophobic linker L between the polymer backbone
P and the 4H-unit 1s selected from the group consisting of
cyclic, linear or branched C,-C,, alkylene groups, C.-C,,
arylene groups, C,-C,, alkarylene groups and C,-C,, aryla-
lkylene groups, wherein the alkylene groups, arylene groups,
alkarylene groups and arylalkylene groups optionally, but not
preferably, comprise 1-5 heteroatoms selected from the group
consisting of oxygen, nitrogen and sulphur.

More preferably, the hydrophobic linker L 1s selected from
the group consisting of cyclic, linear or branched C,-C,,
alkylene groups and C.-C,, arylene groups, wherein the alky-
lene groups or arylene groups optionally, but not preferably,
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comprise 1-3 heteroatoms, preferably oxygen. Even more
preferably, L 1s selected from the group consisting of cyclic,
linear or branched C.-C,, alkylene groups. Most preferably,
L 1s selected from cyclic, linear or branched C.-C, , alkylene
groups.

The linker L may also be perfluorinated or partly fluori-
nated versions of the linkers described above, but this 1s not

preferred.

Introduction of the linker I. into the Water Gellant of this
Invention

The hydrophobic linker L can be introduced into the water
gellant by two methods: (a) the linker L 1s covalently attached
to the polymer backbone P and the resulting functional pre-
polymer 1s connected to a 4H-unit building block to produce
the water gellant or (b) the linker L 1s attached to the 4H-unit
and the resulting building block 1s covalently attached to the
polymer backbone P to produce the water gellant. Method (a)
1s preferred and 1s described here 1n detail.

The hydrophobic linker L. can be covalently connected to
the polymer backbone P using any reaction or sequence of
reactions known 1n the art. Type of reactions may include
coupling reactions such as for example etherifications, esteri-
fications, amidation reactions, carbamate forming reactions
or Michael-type additions, in which cases P and L are con-
nected via ether, ester, amide, urethane or amine moieties,
respectively. Other type of reactions that may be involved 1n
the introduction of the linker L are protection or deprotection
reactions and activation reactions, as will be appreciated by
persons skilled 1n the art.

Preferably, 1in synthetic method (a), functional polymers
P—that are preferably hydroxy functional polymers
P—(OH),—are converted 1n a two step procedure to give
prepolymers with functional hydrophobic linker groups L
attached to them. The first step involves the activation of a
functional polymer with a (thio)carbonyl-containing reactant
to acquire an activated polymer, and the second step involves
reaction of the activated polymer with (an excess of) a difunc-
tional compound containing the hydrophobic linker L. The
difunctional compound can be any difunctional compound
having at least one nucleophilic group, such as a diamine, a
diol, an amino-alcohol, a dithiol, an amino acid or the like.
Preferably, the difunctional compound 1s a diamine, so that
amine functional prepolymers are prepared.

For the preferred case where the starting polymer P 1s
hydroxy functional and where the difunctional compound 1s a
diamine, the two reaction steps are given by Reactions (1) and

(11):

Reaction (1)

Q

4 LGJ)J\ LG, —=

(thio)carbonyl-
containing reactant

e

activated polymer

P—OH],

hydroxy functional polymer

LG, l
M
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Reaction (11)
Q
P O LG2 + T T —_—
H
activated polymer Rs| Rs;
diamine
Q
PN
P—LO Tx .. ]

Rs 1 R82

amine functional polymer

wherein P 1s the polymer backbone, L 1s the hydrophobic
linker, and n 1s the (average) functionality of the hydroxy
tfunctional polymer and all three are defined as above, where

(Q 1s an oxygen or a sulphur atom, preferably an oxygen atom,
where Rs, and Rs, are residues that are related to the used
diamine and may represent independently any residue known
in the art, such as hydrogen or C,-C; alkyl groups, so that Rs,
and Rs, may provide extra hydrophobicity to the spacer
between the polymer backbone P and the 4H-unit, and where
LG, and LG, both independently represent a leaving group,
and they may represent any leaving group known 1n the art,
such as for example imidazoles, triazoles, halogens, N-hy-
droxysuccinimides, (substituted) phenols and carboxylates.
LG, and LG, may be the same leaving group, for example,
LG, and LG, may both be an imidazole group, so that in case
of Q being an oxygen, the carbonyl-containing reactant is
1,1'-carbonyldiimidazole (CDI).

In the preferred embodiment of this invention where n 1s
(about) 2, and where the functional polymer P—(OH), 1s
telechelic, Reactions (1) and (11) translate into Reactions (111)
and (1v), that are given below, with P, Q, L, Rs,, Rs,, LG, and
LG, being defined as above.

Reaction (il
Q
HO—P—OH + LGI)J\LGz —
Q Q

LGQ)I\O P 0)-k LG,

Reaction (iv
)-I\ )I\ H{ xL\ ~H
O—P—O ‘ T —
Rs; Rs;
x‘/’ \.T)]\ )k f \‘f
Rs» Rs; RSl Rs>

The applied synthetic methodology that 1s highlighted in
Reactions (1) to (1v) 1s simple (e.g. no use of protective group
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chemistry), 1s versatile (i.e. able to produce many types of
amine end groups with incorporated linkers L on a broad
range of polymer backbones P), does not require metal cata-
lysts for coupling reactions, circumvents the use of 1socyan-
ate chemistry and/or the use of metal hydrogenation catalysts
that are routinely applied 1n the synthesis of amine functional
polymers, can produce stable multifunctional polymeric
materials with a ligh degree of definition (1.e. the amine
functionality 1s high), and allows for upscaling using quality
control conditions. Therefore, according to a very preferred
embodiment of the present invention, the water gellant 1s
prepared using the described synthetic method wherein 1n a
first step a telechelic functional polymer P—(OH), 1s reacted
with a carbonyl compound of the formula LG, -C(O)-LG.,
wherein LG,, LG, and Q are as defined above, to form a
functionalised prepolymer intermediate, and wherein 1n a
second step the functionalised prepolymer mtermediate 1s
reacted with a diamine H(R ., IN-L-N(R ., )H.

Specifications to the Reactions (1) to (1v)

LG, and LG, 1n the (thio)carbonyl containing reactant that
1s used 1n Reactions (1) and (111) both represent a leaving
group. Leaving groups LG, and LG, can be any leaving group
known 1n the art, and can for example and preferably be
imidazole or a derivative thereof, triazole or a derivative
thereof, a halogen, N-hydroxysuccinimide or a derivative
thereof, a (substituted) phenol, a (substituted) thiophenol, a
thiol, certain alcohols (e.g. 1,1,1-trichloro methanol, 2-halo,
2,2- dlhalo alcohols, 2,2,2-trihalo or 2-methylsulionyl etha-
nol, or (substituted) benzyl alcohols), a carboxyl derivative,
an amide (e.g. E-caprolactam), a tosylate, a mesylate and a
tritlate. More preferably, the leaving group 1s imidazole or
triazole or derivatives thereof, chloride, trichloromethanol,
N-hydroxysuccinimide or a derivative thereof, or a (substi-
tuted) phenol. More preferably, the leaving group 1s an 1mi-
dazole, a N-hydroxysuccinimide, a (substituted) phenol or a
chloride. Even more preferred are imidazole or N-hydrox-
ysuccinimide; most preferred 1s imidazole.

Note that, for convemience reasons only, leaving groups are
mentioned interchangeably 1n this application as acids (phe-
nol and not phenolate; imidazole and not imidazolyl anion) or
as bases (chloride and not hydrochloride).

In one embodiment of this invention, LG, and LG, are the
same leaving group and preferred examples of the (thio)
carbonyl containing reactants are then 1,1'-carbonyldiimida-
zole, 1,1'-carbonylbis(2-methylimidazole), 1,1'-carbonylbis
(benzo-triazole), 1,1'-carbonyl-di-(1,2,4-triazole), N,N'-
disuccinimidyl carbonate, diphenyl carbonate, di-para-
nitrophenyl carbonate, di-pentafluorophenyl carbonate, di-2,
3,5,6-tetratluorophenyl carbonate, di-methylphenyl
carbonates, di-methoxyphenyl carbonates, triphosgene,
phosgene, thiophosgene, 1,1'-thiocarbonyldiimidazole, and
the like. More preferred examples are 1,1'-carbonyldiimida-
zole, N,N'-disuccinimidyl carbonate, diphenyl carbonate, di-
para-nitrophenyl carbonate, di-pentafluorophenyl carbonate,
and di-para-methylphenyl carbonate. Even more preferred
are 1,1'-carbonyldiimidazole and N,N'-disuccinimidyl car-
bonate, most preferred 1s 1,1'-carbonyldiimidazole.

In another embodiment of this invention, LG, and LG, are
different leaving groups, so that the reactant 1s a-symmetrical.
In this case, LG, 1s preferably a halogen or N-hydroxysuc-
cinimide, most preferably a chlornide. Additionally, LG, 1s
preferably a (substituted) phenol or an alcohol such as 2-halo,
2,2-dihalo, 2,2,2-trihalo, 2-methylsultonyl alcohols, or (sub-
stituted) benzyl alcohols. More pretferably, LG, 1s a (substi-
tuted) phenol such as preferably phenol, (ortho, para or
metha) halo-, methoxy- or nitro-phenol, most preferably LG,
1s phenol. In this embodiment, specific examples of (thio)
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carbonyl containing reactants are therefore chloroformates,
such as (substituted) phenyl chloroformates, (substituted)
benzyl chloroformates or 2,2,2-trichloroethyl chloroformate,
or N-succinimidyl carbonates such as N-succinimidyl-2,2,2-
trichloroethyl carbonate, N-(benzyloxycarbonyloxy)-succin-
imide and 2-(methylsulfonyl)-ethyl-N-succinimidyl carbon-
ate. More preferred examples are (substituted) phenyl
chloroformates, most preferably phenyl-chloroformate.

In another less preferred and specific embodiment of this
invention, the (thio)carbonyl containing reactant 1s not a
(thio)carbonate deritvative, as those mentioned above, but 1s
an oxalic acid dervative. Examples are oxalylhalides such as
oxalyl chloride, N,N'-disuccinimidyl oxalate, 1,1'-oxalyldi-
imidazole, (sulfosuccinimidyl)oxalate sodium salt, di(1-ben-
zotriazolyl)oxalate and di((substituted) phenyl)oxalates.

The diamine that 1s used 1n Reactions (1) and (1v) can be
any diamine known 1n the art. L 1s defined as above and Rs;,
and Rs, are residues that are independently selected from the
group consisting of hydrogen, cyclic, linear or branched
C,-C,, alkyl groups, C.-C,, aryl groups, C,-C,, alkaryl
groups and C,-C,, arylalkyl groups, wherein the alkyl
groups, aryl groups, alkaryl groups and arylalkyl groups
optionally comprise 1-3 heteroatoms selected from the group
consisting of oxygen, nitrogen and sulphur, and where Rs,
and Rs, may optionally be linked with each other, thereby
forming a cyclic alkylene, arylene, alkarylene or arylalkylene
structure. More preferably, Rs, and Rs,, are residues that are
independently selected from the group consisting of hydro-
gen, cyclic, linear or branched C,-C,, alkyl groups, and
C4-C,, aryl groups, wherein the alkyl groups or the aryl
groups optionally comprise 1-3 oxygens, and where Rs, and
Rs., may optionally be linked with each other, thereby form-
ing a cyclic alkylene or arylene structure. Even more prefer-
ably, Rs, and Rs, are independently selected from hydrogen,
and linear or branched C,-C, alkyl groups, where Rs, and Rs,
may optionally be linked with each other thereby forming a
cyclic alkylene structure. More preferably, Rs, and Rs, are
independently selected from hydrogen and linear or branched
C,-C, alkyl groups, most preferably Rs, and Rs, are hydro-
gens.

According to the above, the diamine may have two primary
amine groups (Rs, and Rs, are hydrogen), two secondary
amine groups (Rs, and Rs, are not hydrogen) or one primary
amine group and one secondary amine group (either Rs; or
Rs, 1s a hydrogen). Primary amines are preferred due to their
higher reactivity.

Examples of diamines used in Reactions (1) and (1v) com-
priss—but are not limited to—alkylene primary diamines
such as 1.4-diaminobutane, 1.6-diaminohexane, 1,8-diami-
nooctane, 1,10-diaminodecane, 1,12-diaminododecane, 2,2'-
oxydiethylamine, 1sophorone diamine, 1,8-diamino-p-men-
thane, 2,2,4-(2.4,4)-trimethyl-1,6-hexanediamine, 4,4'-
methylene-bis(cyclohexyl amine) and lysine or derivatives
thereot, such as acid protected lysines, secondary diamines
such as piperazine, 2-methyl piperazine, 2,6-dimethylpip-
erzine, N,N'-dimethyl-1,6-hexanediamine, N,N'-dibutyl-1,6-
hexanediamine and 4,4'-bipiperidine, diamines with a pri-
mary amine and secondary amine group such as N-alkyl-1,6-
diaminohexanes or 2-amino-pyrrolidine or 3-amino-
piperidine, aromatic diamines such as metha- and para-
diaminobenzenes, metha- and para-diaminotoluenes, metha-
and para-aminobenzylamines. Preferred diamines are alky-
lene diamines with more than 3, preferably more than 5
carbon atoms 1n their constitution (1.e. more hydrophobicity
1s mtroduced), such as 1,4-diaminobutane, 1,6-diaminohex-
ane, 1,8-diaminooctane, 1,10-diaminodecane, 1,12-diamin-
ododecane, 1sophorone diamine, 1,8-diamino-p-menthane,
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2,2,4-(2,4,4)-trimethyl-1,6-hexanediamine, 4.,4'-methylene-
bis(cyclohexyl amine), lysine and denvatives thereof, N,N'-
dimethyl-1,6-hexanediamine and 4,4'-bipiperidine. More
preferred diamines are 1,6-diaminohexane, 1,10-diaminode-
cane, 1,12-diaminododecane and 1sophorone diamine. Even
more preferred examples are 1,12-diaminododecane and 1,6-
diaminohexane. Most preferred example 1s 1,6-diaminohex-
ane.

Specifically, 1,2-diamino-arylenes, 1,2-ethylenediamines
(L=C,)and 1,3-propylenediamines (LL=C,) are less preferred,
as these diamines lead to prepolymers with a lesser stability.

Reactions (1) and (111) can be executed in the bulk or 1n
solution, preferably in concentrated solution (molar concen-
tration of the (thio)carbonyl containing reactant 1n the reac-
tion mixture 1s higher than 0.1 M, preterably higher than 0.3
M, most preferably higher than 0.5 M). Reaction solvents are
preferably aprotic solvents known 1n the art, such as ethers,
such as diethyl ether, THF, methyl-tetrahydrofuran, dioxane
and methyl-tert-butyl ether, DMSO, dimethyl acetamide,
NMP, chloroform, dichloromethane, ketones such as acetone,
MEK and methyl-tert-butyl ketone, esters such as ethyl
acetate and butyl acetate, toluene, alkanes such as cyclohex-
ane, pentane, hexane and 1sododecane, and cyclomethicones
such as D5.

Reaction (1) and (111) are preferably executed at tempera-
tures lower than 130° C., more preferably lower than 70° C.,
most preferably lower than 40° C.

The hydroxy functional polymer P—(OH), 1s preterably
used dry or dried, 1.e. containing no or little water. Preferably,
the reaction 1s executed under an inert atmosphere of nitrogen
Or argon.

The (thio)carbonyl containing reactant 1s preferably used
in molar excess when compared to the moles of hydroxy
groups 1n the reactant P—(OH) . Preferably, the molar excess
1s higher than 1.2-fold, more preferably, higher than 1.5-fold,
most preferably higher than 2-fold. In case LG, 1s different
than LG, the (thio)carbonyl containing reactant is preferably
used 1n slight molar excess. Preferably, the molar excess 1s
lower than 1.5-fold, more preferably, lower than 1.25-1fold,
most preferably lower than 1.1-fold. In case chloroformates
are used as (thio)carbonyl containing reactants (LG ,=Cl), a
base 1s used to scavenge the formed HCI (1.e. H.LG, ). Pre-
ferred examples of such bases are pyridines and tertiary
amines such as triethylamine or other trialkylamines.

The activated polymer can be 1solated by different type of
work-up procedures that are known in the art such as precipi-
tation, extraction, washing, drying, filtration and evaporation
procedures, or combinations thereof. Before work-up, the
excess of (thio)carbonyl containing reactant may be elimi-
nated. Elimination of the (thio)carbonyl contaiming reactant
can be done by reaction with water or with an alcohol, pret-
erably a secondary alcohol such as for example 1sopropanol
or 2,3-butanediol. Most preferably elimination 1s done with
water. Finally, the reaction mixture of reaction (1) or (111) can
be used 1n the next reaction step (11) or (1v) without work-up,
preferably after elimination of the excess of (thio)carbonyl
containing reactant.

Reactions (11) and (1v) can be executed 1n the bulk or 1n
solution, preferably 1n concentrated solution (molar concen-
tration of the diamine reactant in the reaction mixture 1s
higher than 0.1 M, preferably higher than 0.3 M, most pret-
erably higher than 0.5 M). Reaction solvents are preferably
aprotic solvents known in the art, such as ethers, such as
diethyl ether, THF, methyl-tetrahydrofuran, dioxane and
methyl-tert-butyl ether, DMSO, dimethyl acetamide, NMP,
chloroform, dichloromethane, toluene, alkanes such as cyclo-
hexane, pentane, hexane and 1sododecane, and cyclomethi-
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cones such as D5. Esters such as ethyl acetate and butyl
acetate are less preferred; ketones such as acetone, MEK and
methyl-tert-butyl ketone are even less preferred.

Reactions (11) and (1v) are preferably executed at tempera-
tures lower than 130° C., more preferably lower than 70° C.,
most preferably lower than 40° C.

The diamine 1s preferably used 1n molar excess when com-
pared to the moles of activated species O—C(Q)-LG, 1n the
activated polymer reactant. Preferably, the molar excess of
diamine 1s higher than 1.5-fold, more preferably, higher than
2-fold, most preferably higher than 3-fold. Importantly, 1n
reactions (11) and (1v), the activated polymer 1s preferably
added 1n portions to the excess of diamine. This can for
example be done by drop wise addition of a solution of the
activated polymer to a solution of the diamine.

The amine functional polymer can be 1solated by different
type of work-up procedures that are known 1n the art such as
precipitation, extraction, washing, drying, filtration and
evaporation procedures, or combinations thereof. For some
low-volatile diamines such as piperazine or 1,3-propylene
amine, the excess of diamine can be removed by evaporation.

The amine functional polymers as prepared in Reactions
(1) and (1v) preferably have a high degree of definition mean-
ing that, (a) on average at least 65% of the alcohol groups 1n
the alcohol functional polymer P—(OH), precursors are con-
verted ito amine groups, more preferably at least 75%, most
preferably at least 85%, and that (b) on average at least 80%
of all functional end groups in the amine functional polymer
are indeed amine groups, more preferably more than 90%,
most preferably more than 95%, and that (¢) the average
number molecular weight of the amine functional polymer
does not exceed by more than 50% the summation of the
number molecular weight of the alcohol functional polymer
P—(OH), plus n times the molecular weight of the diamine,
more preferably by more than 40%, most preferably by more

than 30%.
The Hydrogel

In an embodiment of this invention, the water gellant com-
prises biodegradable moieties, that may be single bonds (e.g.
an ester bond) or linkages or may be regions with multiple
biodegradable bonds (e.g. a polyester or oligoester). The moi-
eties may occur within parts of the polymer backbone P, in the
linker L., 1n the 4H-units, and/or 1n the attachments between
the polymer P and the linker L, or the attachments between the
linker L and the 4H-units. Examples of biodegradable bonds
or linkages are covalent ester, ortho-ester, ortho-ester, ure-
thane, thio-urethane or amide bonds, but are preferably ester
bonds.

The amount of the water gellant 1n the hydrogel ranges
from 0.3%-50.0% by weight, preferably from 1%-23% by
welght, more preferably from 1%-15% by weight, more pret-
erably from 1%-8% by weight, and most preferably from
190-3.4% by weight, based on the total weight of the hydro-
gel. The hydrogel may contain additional functional ingredi-
ents that will contribute to the specific use of the hydrogel.

The hydrogel comprises 50.0 to 99.7 wt. % of water, pret-
erably 60 to 99 wt. %, and most preferably 80 to 98 wt. %,
based on the total weight of the hydrogel.

Obviously, but not preferably, the hydrogel may contain
other polar solvents, preferably those solvents having a
dielectric constant € at 20° C. of at least about 20. The upper
limit 1s given by the dielectric constant € at 20° C. for pure
water which 1s about 80 (Handbook of Chemistry & Physics,
59" Ed., page E-61, 1978-1979). Suitable examples are
DMSQO, alcohols, preterably ethanol and glycols, but more
preferably ethanol and ketones, such as acetone. Preferably,
the amount of other solvents 1s lower than 15% by weight,
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more preferably lower than 8% by weight, and most prefer-
ably lower than 2% by weight, calculated on the basis of the
total weight of the hydrogel.

The hydrogels according to the present mvention have a
wide range of mechanical properties, ranging from elastic to
tough, depending on the nature of the polymer backbone P,
the nature of the linker L, and the number of 4H-unaits attached
to the polymer. In the preferred case of elastic hydrogels, the
hydrogel materials preferably display an elongation at break
at 25° C. greater than about 5%, more preferably greater than
20%, more preferably greater than 100%.

The reversible cross-links 1n the hydrogel allow for switch-
ing the gel into a liquid by the application of heat, changing
the nature of the solvent or the concentration of the water
gellant. Consequently, the processing or administration of the
hydrogel can be done with processes known for liquids, like
spraying or pumping. Preferably, the polymers present in the
hydrogel have a relatively low number average molecular
weight, preferably in the range from 1200 to 100000, more
preferably from 2000 to 50000, most preferably from 7500 to
21000, 1n order to allow for easy solution processing of the
water gellant, such as pumping or spraying.

The hydrogels can for example be used in pharmaceutical
applications or biomedical applications such as controlled
drug-delivery, tissue engineering, wound-dressings and
wound-care, artificial articular cartilage material, soit contact
lenses, tissue-adhesion, lubricating coatings for medical
devices, as superabsorbers, and as thickeners for aqueous
solvents.

The hydrogels according to the present mnvention can be
prepared by three different methods: (1) the hydrogel can be
dissolved 1n aqueous solvent at elevated temperatures
between 40° C. and 95° C., preferably between 60° C. and 90°

C., Tollowed by cooling down to temperatures between 0° C.
and 40° C., preferably between 20° C. and 40° C.; (11) the

hydrogel can be swelled 1n aqueous solvent at temperatures
between 0° C. and 60° C., preferably between 20° C. and 40°
C.; and (111) the hydrogel can be dissolved or dispersed 1n any
organic water-miscible solvent, such as for example THEFE,
acetone, MEK, alcohols, such as ethanol, DMSO, NMP, or
solvent mixture, followed by the addition of water and sub-
sequently the optional removal of the organic solvent with
evaporation in vacuo or removal of the organic solvent by
washing with water.

The hydrogels are applied 1n their gelled form after gelling
the aqueous solvent with water gellant 1n a mould, eventually
followed by cutting of the gel, or the water gellants are
applied 1n their liquid state followed by gelling the polymers
to a hydrogel after administration of the effective amount of
the polymer to the desired site.

Additional ingredients 1n the hydrogels can be antioxi-
dants, preservatives, fillers, salts, pH-bullers, dyes, bone-
extracts, or bioactive species.

In another preferred embodiment of this invention, the
hydrogels are used in biomedical applications, such as carri-
ers for the controlled release of drugs, scatiolds for tissue-
engineering, or as adhesives or sealants for tissue. In these
uses, the hydrogels also preferably comprise a biologically
active or pharmaceutically active compound. The hydrogel
may also comprise a bioactive species, €.g. a living cell, an
enzyme, or a micro-organism. A living cell 1n this embodi-
ment means and icludes individual animal and plant cells,
cell clusters, tissues, organs and organisms, including organ-
1sms such as bacteria, fungi or moulds. A biologically active
or pharmaceutically active compound, as used herein,
includes a compound which provides a therapeutic, diagnos-
tic, or prophylactic effect, a compound that atfects or partici-
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pates 1n tissue growth, cell growth, cell differentiation, a
compound that may be able to invoke a biological action such
as an immune response, or could play any other role 1n one or
more biological processes. Such compounds, peptide or non-
peptide, protein or non-protein, include, but are not limited to,
antimicrobial agents (including antibacterial, hemotherapeu-
tic and anti-fungal agents), anti-viral agents, anti-tumor
agents, hormones, hormone antagonistics, corticosteroids
such as mineralocorticosteroids or glucocorticosteroids,
androgents, estrogens, progestins immunogenic agents, anti-
inflammatory agents, anti-gout agents, centrally acting anal-
gesics, local anesthetics, centrally active muscle relaxants,
growth factors, (fluorescent) dyes, contrast agents, nucleic
acids, lipids, lipopolysaccharides, (poly)saccharides, vita-
mins, and peptides, polypeptides and proteins 1n general.

Apart from the previous list, i1t 1s also possible to load the
hydrogel with inorganic compounds, such as reactive oxygen

scavengers and bone-extracts like apatite.

It 1s possible within the scope of the present invention to
incorporate drugs of a polymeric nature, but also to incorpo-
rate drugs or vitamins of a relatively small molecular weight
of less than 13500, or even less than 500.

Additionally, two or more different biologically active
compounds may be present 1n the hydrogel. This is especially
beneficial when the bioactivity 1s based on multivalent and/or
synergistic interactions. A non-limiting example of such

interaction 1s that cell adhesion 1s advantageously mediated
by a combination of RGD and PHSRN peptides.

EXAMPLES

The {following examples further illustrate preferred
embodiments of the invention. When not specifically men-
tioned, chemicals are obtained from Aldrich. The synthesis of
4H-unit building blocks, more specifically ureido pyrimidone
(UPy) building blocks, 1s shown, as well as the synthesis of
amine functional prepolymers with hydrophobic endgroups,
and the synthesis of the water gellants. Finally, the hydrogels
of this invention are introduced, by explaining their prepara-
tion and showing their properties.

Example 1

Preparation of UPyl

1,6-Hexyldiisocyanate (650 g) and methylisocytosine (or
2-amino-4-hydroxy-6-methyl-pyrimidine, 65.1 g) were sus-
pended 1n a 2-liter flask. The mixture was stirred overnight at
100° C. under an argon atmosphere. After cooling to room
temperature, a liter of pentane was added to the suspension,
while stirring was continued. The product was filtered,
washed with several portions of pentane and dried 1n vacuum.
A white powder was obtained. "H NMR (400 MHz, CDCL,):
o 13.1 (1H), 11.8 (1H), 10.1 (1H), 5.8 (1H), 3.3 (4H), 2.1
(3H), 1.6 (4H), 1.4 (4H). FT-IR (neat): v (cm™") 2935, 2281,
1698, 1668, 1582, 1524, 1256.

Example 2

Preparation of UPy?2

2-Amino-4-hydroxy-5-(2-hydroxy ethyl)-6-methyl-pyri-
midine (12 gram) was suspended 1n IPDI (150 mL) and was
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stirred overnight at 90° C. under an argon atmosphere. A clear
solution developed. The solution was cooled and precipitated
in hexane. The solid was filtered, stirred 1n another portion of

hexane, and then the product was 1solated by filtration, wash-
ing with hexane and drying of the residue. Yield: 98%. 'H

NMR (400 MHz, CDCl,): & 13.1 (1H), 11.9 (1H), 10.2 (1H),
4.8-4.5 (1H), 4.2 (2H), 4.0-3.2 (3H), 3.1-2.9 (3H), 2.7 (2H),
2.3 (3H), 1.9-1.6 (4H), 1.4-0.8 (26H). FT-IR (neat): v (cm™)
2054,2254,1690, 1664, 1637, 1590, 1532, 1461, 1364, 1307,
1257, 1034, 791. MALDI-TOF-MS, [M*]=614, [M+Na*]=
636.

Example 3
Preparation of UPy3

The building block UPy1 (46 g) was suspended 1n chloro-
form (1 L), and thereaiter hydroxy ethyl acrylate (HEA, 36
ml.) and 10 drops of dibutyl tin dilaurate (DBTDL) were
added. The mixture was stirred at an o1l bath temperature of
90° C. for 4 hours, and was then cooled and filtered. The
filtrate was concentrated and an excess of diethylether was
added. The white precipitate was collected by filtration, and

was washed with diethylether. Drying 1n vacuo gave a white
solid product. "HNMR (400 MHz, CDCl,): 6 13.1 (1H), 11.8

(1H), 10.1 (1H), 6.5 (1H), 6.2 (1H), 5.9 (2H), 5.1 (1H), 4.4
(4H),3.3 (2H),3.2(2H), 2.1 (3H), 1.7-1.3 (8H). FT-IR (neat):
v 3307, 2928, 1725, 1702, 1682, 1664, 1584, 1348, 12358,
1192. This type of 4H-unit building block (or similar mol-
ecules with methacrylate, acrylamide or methacrylamide
groups) can be reacted in Michael-type addition reactions
with amine terminated polymers such as the ones given in
Table 1 to give materials in which the linker L 1s coupled to the
4H-unit via secondary and/or tertiary amines.

Example 4
Preparation of UPy4

1,12-Diisocyanatododecane (4.5 g) and methylisocytosine
(or 2-amino-4-hydroxy-6-methyl-pyrimidine, 0.37 g) were
suspended imna 10mL flask. The mixture was stirred overnight
at 90° C. under an argon atmosphere. After cooling to room
temperature, 2 mlL of hexane was added to the suspension,
while stirring was continued. The suspension was poured into
40 mL of hexane. The precipitated product was filtered,
washed with several portions of hexane and dried in vacuum.
A white powder was obtained. "H NMR (300 MHz, CDC.,):
6o 13.1 (1H), 11.8 (1H), 10.1 (1H), 5.8 (1H), 3.3 (4H), 2.1
(3H), 1.6 (4H), 1.4 (16H). FT-IR (neat): v (cm™") 2918, 2267,
1698, 1663, 1577, 1523, 1223.

Example 5

Preparation of UPy5, a 4H-Unit with Attached
Linker L

UPy1 (0.35 g) mn a 1:1 mixture of dry DMSO and chloro-
form (10 mL) 1s filtered and the filtrate 1s added 1n portions to
isophorone diamine (2.3 g) that 1s stirred 1n dry DMSO (3
mL). During addition and for a further 2 hours, the mixture 1s
kept at 40° C. under an argon atmosphere. Thereatter, the
clear solution 1s cooled to room temperature and ethyl acetate
(530 mL) 1s added to induce precipitation. The white product s

filtered, washed with ethylacetate and dried. '"H NMR (400
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MHz, DMSO-d,): ¢ 9.7, 8.0-3.0 (broad), 6.0-5.4 (multiple
51gnals) 4.0,3.7,3.2, 30 2.7,2.3,2.1,1.6-1.2,1.2-0.6.

Example 6

Preparation of PEG2000-Diamine Prepolymer with
n-C,, Linker L

Reaction (1): To a solution of 1,1'-carbonyldiimidazole

26
Examples 7

Preparation of Peg-Diamines with Incorporated
Linkers L

Similar procedures to the one shown 1n example 6 have
been followed for different molecular weights of hydroxy
functional telechelic polyethylene glycols (PEGs 2 kD to 35

(CDI) (8.125 g, 40 mmol) in CHCI; (100 mL) was added over , kD), for another hydroxy functional telechelic polymer

a period of 5 minutes a solution of dried telechelic hydroxy

functional polyethylene glycol (PEG2000 diol, 10 g, 5 mmol,
MW=2.0 kDalton) in CHCI,; (100 mL). The reaction was

(PCL1250, polycaprolactone) and for different diaminoal-
kanes. See Table 1 below for prepared materials and for a brief
characterization of these materials.

TABLE 1

Prepared telechelic PEGs with amine functional linkers I. as endgroups

Example

2K-10
2K-6
3K-6
3K-12
oK-2

o K-4
6K-6
OK-&
6K-10
oK-12
10K-¥
10K-10
10K-10¢?

10K-1
20K-1
20K-1
35K-1
35K-1
PCL-6

M'::JMC‘JM

&

PEG-polymer® Diamine L Material
PEG2000 1,10-diaminodecane n-C10 White stable powder
PEG2000 1,6-diaminohexane n-Co6 White stable powder
PEG3000 1,6-diaminohexane n-Coét White stable powder
PEG3000 1,12-diaminododecane n-C12 White stable powder
PEG6000 1,2-diaminoethane n-C2 Unstable material
PEG6000 1.,4-diaminobutane n-C4 White stable powder
PEG6000 1,6-diaminohexane n-Coét White stable powder
PEG6000 1,8-diaminohexane n-Cg White stable powder
PEG6000 1,10 diaminodecane n-C10 White stable powder
PEG6000 1,12-diaminododecane n-C12 White stable powder
PEG10000 1,8-diaminohexane n-C8 White stable powder
PEG10000 1,10-diaminodecane n-C10 White stable powder
PEG10000 isophorone diamine cyclic and White stable powder
branched C10
PEG10000 1,12-Dodecanediamine n-C12 White stable powder
PEG20000 1,10-diaminodecane n-C10 White stable powder
PEG20000 1,12-diaminododecane n-C12 White stable powder
PEG35000 1,10-diaminodecane n-C10 White stable powder
PEG35000 1,12-diaminododecane n-C12 White stable powder
PCIL1250 1,6-diaminohexane n-Cé Wax

“The number denotes the molecular weight of the PEG starting polymer.

’The reaction (11) has been executed at about 60° C. 1n stead of room temperature.

“PCL-6 and its CDI-activated precursor was not isolated by precipitation in ether, but by extraction into chloro-
form using a brine water layer.

executed under an argon atmosphere and was allowed to stir
at room temperature for 24 hours. After concentration to a
total volume of 100 mL via rotary evaporation, the solution
was diluted slowly with diethyl ether until a total volume of
~600-800 mL was reached, resulting 1n precipitation of the
activated polymer. This dilution-precipitation procedure was
repeated to ensure complete removal of excess CDI prior to
moving to the next reaction (11). The CDI-activated material
was moved directly into the next step to avoid possible
hydrolysis of the end group.

Reaction (11): To a solution of 1,10-diaminodecane (3.21 g,
18.6 mmol) in CHCI, (150 mL) was added slowly, over a one
hour period, a solution of the CDI activated PEG-matenal as
prepared in the first reaction (5 g, 2.3 mmol, MW=2.2 kD with
activated endgroups) 1n CHCI, (75 mL). The reaction was
allowed to stir overnight at room temperature under an argon
atmosphere. After concentration of the solution to a volume
of about 75 mL, diethyl ether was added slowly until a total
volume of ~600-800 mL was reached, resulting in precipita-
tion of the polymer. This dilution-precipitation procedure was

repeated to ensure complete removal of excess diamine. "H
NMR (400 MHz, CDCl;): 0 4.85 (2H), 4.2 (4H), 3.8-3.4
(EO-umits), 3.15 (4H), 2.7 (4H), 2.0 (4H, br), 1.45 (8H), 1.25
(20H). This material can be denoted as 2K-10, where 2K
stands for the PEG2000 polymer backbone and 10 stands for
the n-decyl linker.
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EG-based maternials are
stable white powders, apart from the ethylene diamine end
capped material 6K-2. Possibly, the end group forms cyclic
cthylene urea, thereby reforming the alcohol end group.
NMR and MALDI-TOF-MS data for material 6K-6 are
briefly discussed here to demonstrate the high definition of

the prepared materals.

"HNMR (400 MHz, CDCL,): 8 4.85 (bs, 2H, C(O)NH), 4.2
(t, 4H, CH,OC(QO)), 3.8-3.4 (m, 541H, CH,0O), 3.15 (q, 4H,
CH,.NHC(O)), 2.7 (t, 4H, CH,NH,), 2.0 (bs, 4H, NH,), 1.45
and 1.25 (other CH,-protons of the n-hexyl linker). The ratio
of the integrals of the EO-units and the integrals of the hexyl
linker 1s about 22, while theoretically this should be about 23.
A deviation of only about 5% is observed. In '°C NMR
(CDCl,), the resonance at ca. 61 ppm of the carbons adjacent
to the hydroxy group 1s gone after modification to the PEG-
diamine product, proving conversion of the hydroxy func-
tionalized PEG. In MALDI-TOF MS analysis, no significant
signals oTmasses of ca. doubled molecular weight (12-13 kD)
are found. Furthermore, and more importantly, observed
masses around the expected molecular weight of 6000-7000
Dalton are H™- and Na™-adducts of the desired PEG-diamines
with 1ncorporated n-hexyl linkers, as an array of signals of
m/z masses of 6491, 6535, 6579, 6623, etc. 1s recorded, as
well as an array of signals of masses of 6469, 6513, 6557,
6601, etc, and no other array. The first array corresponds to

Na™-adducts, and the second array corresponds to H-adducts

It 1s clear from the Table that all PE
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of oligomers of the desired PEG-diamines (for both given
arrays, the number of EO-units 1s 140, 141, 142, 143, etc.,
respectively). This proves that the prepared material has the
aimed-at telechelic structure with two aminohexyl end
groups.

Example 8

Preparation of Telechelic Water Gellants with
4H-Units

UPy1 (385 mg; 2.0 equivalents) was added as a powder to
a solution of pre-dried polyethylene glycol 10,000 terminated
with aminododecyl groups (10.3 g; entry 10K-12 1n Table 1)
in CHCI, (30 mL). The reaction was allowed to stir overnight
under an argon atmosphere at an o1l bath temperature of 70°
C. After cooling down to room temperature, ethanol was
added (100 mL), and the hazy mixture was filtered over celite.
The clear filtrate was concentrated by vacuum evaporation,
and was diluted with ether under stirring. A white precipitate
formed, and the mixture was stirred for 20 mins, then allowed
to settle prior to filtration and washing with excess ether. The
product was vacuum dried to give a white powder (95%
yield). "HNMR (400 MHz, CDCl,): 6 13.1 (2H), 11.8 (2H),
10.1 (2H), 5.8 (2H), 4.9 (2H), 4.7 (2H), 4.5 (2H), 4.2 (4H),
3.8-3.3 (EO-units), 3.3 (4H), 3.1 (12H), 2.2 (6H), 1.6-1.1
(56H).

The powder and distilled water were added to a vial (10%
gellant loading) and mixed with vigorous stirring at ca.
55-60° C. for 1 to 2 hours. The polymer solution was removed
from the water bath and placed on the bench at room tem-
perature to set up over 24-48 hrs. An elastic hard gel had
formed.

Examples 9

Preparation of Chain Extended Water Gellants with
4H-Unats

Polyethylene glycol 6000 terminated with aminohexyl
groups (20.9 g; entry 6K-6 1n Table 1) was dried in vacuo at
80° C. for 2 hours and was subsequently dissolved 1n chloro-
form (200 mL) followed by the addition of UPy2 (2.07 g; ca.
1.0 equivalent) in chloroform (40 mL). The reaction mixture
was heated to 60° C. and stirred for 4.5 hours under argon.
The reaction mixture was cooled down and leit under argon
overnight. The completion of the reaction was checked by the
disappearance of the 1socyanate band at 2281 cm-1 in F'I-IR.
The mixture was diluted with ethanol (500 mL), and evapo-
ration of solvents 1n vacuo resulted 1n a white, semi-crystal-
line, elastic and tough material. NMR-data were 1n line with
the chain extended structure.

The matenial (0.263 g) was dissolved in THF (4 mL), and
water (4.5 mL) was added to get a solids loading of about 5%
in water. The clear solution was subsequently put 1n vacuo to
remove the THE, resulting 1n an elastic hydrogel.

Examples 10

Preparation of 4H-Unit Water Gellants and their
Hydrogel Properties

More telechelic and chain extended water gellants based on
4H-units have been prepared than the ones introduced in
Examples 8 and 9, and similar synthetic methods as those
described there have been used to prepare them. Table 2
shows the two components of these gellants and typifies the
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hydrogel properties prepared from water and gellant. Method
of gel preparation and solids loading of the hydrogel are also
given 1n Table 2, and in the notes below Table 2.

TABL.

L1l

2

Prepared water
oellants based on the 4H-unit and their hvdrogel properties.

Prepolymer UPy- Method
Water {from building  of gel Solids  Hydrogel
Gellant example block preparation Loading® properties
8A  6K-10 UPyl A 7% soft-elastic
8A  6K-10 UPyl A 10% hard-elastic
8B 10K-10 UPyl A 10% elastic gel
8C  10K-12 UPyl A 7% elastic gel
8C 10K-12 UPyl A 10% hard elastic
gel
8D  20K-10 UPyl A 14% elastic gel
8  20K-12 UPyl1 A 7% elastic gel
8  20K-12 UPyl A 10% strong elastic
gel
9A 3K-6 UPy2 B 5% very elastic
9B 6K-4 UPy2 B 5% very elastic
9C 6K-6 UPy?2 B 5% very elastic
(more tough
than 9B-gel)
9D 10K-10c UPy2 B 5% white, flexible
9E 10K-12 UPy?2 B 5% very elastic,
retaining its
shape
9F 6K-6+ PCL-6 UPy2 B 5% very elastic,
90/10 w/w % rigid, retaining
its shape
9G 6K-6+ PCL-6 UPy2 B 5% very elastic,
80/20 w/w % rigid, retaining
its shape
9H 6K-6+ 3K-6 UPy?2 B 5% very elastic
50/50 wiw %

“solids loading is the weight of water gellant divided by the total weight of the hydrogel.

The telechelic water gellants used for the preparation of
gels 8A-8E are all white powders, while the chain extended
water gellants used to prepare gels 9A-9H are all white,
semi-crystalline, elastic and tough materials.

Details on the preparation of the hydrogels: for telechelic
water gellants (UPy1 1s used) method A has been applied,
while for chain extended water gellants (UPy2 i1s used)
method B has been applied. Method A: the selected gellant
from Table 2 was mixed with the desired amount of water and
stirred at 55° C. for 12 hours resulting in a homogeneous
solution that gelled upon cooling to 25° C. A 24-hour equili-
bration time was observed. Method B: the gellant material
was dissolved in THF (1 g/10 mL) to which the appropriate
amount of water was added to get the right solids loading 1n
water. The obtained clear solutions were subsequently put in
vacuo to remove the THF, resulting in the hydrogels as
described 1n Table 2.

Hydrogels from particularly gellants 9A-9E and 9H are
very elastic as these gels can be elongated for at least three
times their lengths (300%-¢clongation) with recovery to the
original shape.

Example 11

Preparation of Telechelic Water Gellants with Urea
Units

In similar reaction conditions as those described 1n
Example 8, PEG6000 modified with aminodecyl groups (en-
try 6K-10 1n Table 1) has been end capped with dodecyl-

monoisocyanate (C12-1socyanate). The material was 1solated
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as a white powder. 'H NMR (400 MHz, CDC]l,): § 4.85 (2H),
4.4(4H),4.2(4H), 3.8-3.4 (EO-units), 3.15 (12H), 1.5 (12H),
1.3-1.1 (60H), 0.9 (6H).

Example 12

Preparation of Chain Extended Water Gellants with
Urea Units

1,12-Dodecyldiisocyanate (0.12 g; ca. 1.0 equivalent) was
added to a solution of PEG6000 modified with aminodecyl
groups (3 g; entry 6K-10 1n Table 1) in CHCI, (50 mL). The
reaction was allowed to stir overnight at room temperature.
FT-IR showed the disappearance of the isocyanate. The
CHC, solution was concentrated until a noticeable viscosity
increase was observed, then precipitation was induced by
dilution with diethyl ether under stirring, halting at a ca. 5:1
cther/mother solution ratio. The precipitation mixture was
stirred for 20 mins, then allowed to settle prior to filtration and

washing with excess ether. The product was dried giving a
yield of 95% of a white elastic material. 'H NMR (400 MHz,

CDCL,): & 4.85, 4.5, 4.4, 4.2, 3.8-3.4 (EO-units), 3.15, 1.5,
1.3-1.1.

Examples 13

Preparation of Urea-Type Water Gellants and their
Hydrogel Properties

More telechelic and chain extended urea-type water gel-
lants have been prepared than the ones introduced 1in
Examples 11 and 12, and similar synthetic methods as those
described there have been used to prepare them. Table 3
shows the two components of these gellants, typifies the
hydrogel properties prepared from water and the chosen sol-
1ds loading of the gellant. Method A of gel preparation has
been used (see the notes under Table 2).

TABLE 3

Prepared urea-type water gellants and their hvdrogel properties

Prepolymer  Isocyanate Method
Water from building of gel Solids  Hydrogel
Gellant example block preparation Loading® properties
11A  6K-10 C12-NCO A 7% soft
11A  6K-10 C12-NCO A 12% elastic
11B  10K-10 C12-NCO A 7% tough gel
11B  10K-10 C12-NCO A 12% brittle gel
11C  20K-10 C12-NCO A 11% elastic gel
11D 35K-10 C12-NCO A 7% sticky gel
11D 35K-10 C12-NCO A 15% tough gel
12A  6K-10 C12-(NCO)2 A 7% elastic gel

“solids loading is the weight of water gellant divided by the total weight of the hydrogel.

Comparative Example 14

PEG6000 Modified with UPyl1

Polyethylene glycol with a molecular weight of 6 kDa
(5.78 g) was dried in vacuo at 80° C. for 3 hours and subse-
quently dissolved in toluene (20 mL) followed by the addition
of UPy1 (618 mg) and a few drops of dibutyltin dilaurate. The
reaction mixture was heated to 80° C. and stirred for 8 hours
under an argon atmosphere, aiter which 0.5 mL of water was
added. After 1 hour, F'I-IR analysis showed that the 1socyan-
ate band at 2281 cm™" had completely disappeared. The reac-
tion mixture was cooled down, 40 mL. of methanol was added,
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the mixture was {filtered over celite and the filtrate concen-
trated. The product was dissolved in dichloromethane, pre-
cipitated 1n diethylether and dried in vacuum, resulting 1n a
white powder. "HNMR (200 MHz, CDCl,): 8 13.1 (1H), 11.8
(1H), 10.1 (1H), 5.8 (1H), 4.2 (4H), 3.8-3.2 (EO-units), 2.1
(3H), 1.6 (4H), 1.4 (4H).

The white powder (0.134 mg) was dissolved in water (0.54
ml.) at 60° C. Upon cooling to room temperature, the 20%

solids loadings mixture developed into a hazy viscous solu-
tion.

Comparative Example 15
PEG6000 Modified with UPy4

Polyethylene glycol with a molecular weight of 6 kDa
(2.02 g) was dried 1n vacuo at 80° C. for 3 hours and subse-
quently dissolved 1n toluene (6 mL) followed by the addition
of UPy4 (278 mg) and 1 drop of dibutyltin dilaurate. The
reaction mixture was heated to 80° C. and stirred for 8 hours
under an argon atmosphere, aiter which 0.5 mL of water was
added. After 1 hour, the isocyanate band at 2281 cm™" had
completely disappeared (FT-IR analysis). The reaction mix-
ture was cooled down, 20 mL. of methanol was added, the
suspension was filtered over celite and the filtrate was con-
centrated. The product was dissolved 1in dichloromethane and
precipitated in diethylether, resulting in a white powder. 'H
NMR (200 MHz, CDCl,): 6 o 13.1 (2H), 11.8 (2H), 10.1
(2H), 5.8 (2H), 4.2 (8H), 3.8-3.2 (EO-units), 2.1 (6H), 1.6
(8H), 1.4 (16H).

The white powder was dissolved at 60° C. 1n the appropri-
ate amount of water to get the right solids loading, and was
thereatter cooled to room temperature. A 10% loading gave a
hazy low viscous solution, a 20% loading gave a hazy paste
and a 30% loading gave a weak and brittle hazy paste.

Comparative Example 16

PEG6000 Chain Extended with UPy?2

Telechelic hydroxy terminated PEG-6000 (10.20 g) was
heated 1n vacuo 1n a 3-neck flask to 120° C. for 120 minutes
and subsequently cooled down to 80° C. UPy2 (1.25 g; 1.2
equivalents) and two drops of dibutyl tin dilaurate dissolved
in toluene (40 mL) were added to the polymer melt and the
solution was stirred overnight under argon at 80° C. The
reaction mixture was diluted with 40 mL THF and precipi-
tated 1nto diethylether. The material 1s white (semi-crystal-
line), elastic and tough. 'H NMR (300 MHz, CDCl,/
CD;0D): 04.1,3.6,2.8,2.2,1.8-1.4,1.2-0.8.

The prepared PEG-UPy2 block copolymer was dissolved
in THF (1 g/10 mL) to which the appropriate amount of water
was added to get the right solids loading. These clear solu-
tions were subsequently put in vacuo to remove the THE,
resulting in the different hydrogels as described 1n Table 4
below.

Comparative Example 17

Amino Ethyl Terminated PEG3800 Chain Extended
with UPy2

Amino ethyl terminated PEG with a molecular weight of
3.8 kDa) (1.75 g) was heated at 80° C. 1n vacuo over P,O. for
1 hour, was subsequently cooled down to 60° C., and was then
dissolved in chloroform (20 mL). UPy2 (285 mg; ca. 1.0

equivalent) in chloroform (20 mL) was slowly added to the
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solution. After 1 hour the isocyanate band at 2281 cm™" had
completely disappeared (FT-IR -analysis). Ninhydrin staining
showed the presence of amine, and therefore another 19 mg of
UPy2 was added. After stirring for 1 hour at 60° C. the
product was recovered by evaporation of the solvent.

The matenal (736 mg) was dissolved in THF (1 g/10 mL)
to which 14 mL of water was added to get a solids loading of
5%. This clear solution was subsequently put in vacuo to
remove the THEF, resulting 1n a viscous solution. See also

Table 4 below.

Example 18

Conclusions for Comparative Examples 14, 13, 16
and 17

Above comparative examples 14 and 15 show that telech-
clic PEG-materials to which two 4H-units are directly
attached (1.e. no linker L 1s incorporated 1nto the water gellant
structure) are not efficient in making strong and/or elastic
hydrogels. In fact, below 20% solid loadings of these mate-
rials 1n water, no hydrogel formation 1s observed. Compare
these findings with the results compiled 1n Table 2 for hydro-
gels of this mvention prepared from gellants 8 A-8E.

In the comparative examples 16 and 17 (see Table 4),
telechelic PEG-matenals are chain extended with 4H-units
without the use of linkers L. Hydrogels can be prepared from
these materials, but as data in Table 2 for hydrogels from
gellants 9A-9H indicate, at similar solid loadings, the gels of

this mvention give better mechanical properties (e.g. tough-
ness, elasticity). Or, similar strengths can be attained with
lower solids loadings.

Additionally, the gels of this invention have been prepared
without the use of a toxic Sn-catalyst, in contrast to the
materials from comparative examples 14, 15 and 16.

TABL

(L]

4

Hvdrogel formulations for comparative examples 16 and 17

UPy- Method
Hydrogel building  of gel Solids Hydrogel
Example  Prepolymer block preparation Loading properties
16A PEG60007 UPy?2 B 5% soft, tlexible
168 PEG6000“ UPy2 B 10% flexible, elastic
16C PEG6000¢ UPy?2 B 20%  hard, flexible
17 PEG3800° UPy2 B 5%  wviscous solution

“hydroxy functional and telechelic;

bamine functional and telechelic

Comparative Example 19

Chain Extended PEG6000

Telechelic hydroxy terminated PEG-6000 (5.14 g)
together with 2-amino-4-hydroxy-5-(p-hydroxy ethyl)-6-
methylpyrimidine (0.174 g) and one drop of dibutyl tin dilau-
rate was heated in vacuo 1 a Schlenk flask at 100° C. for 120
minutes and subsequently cooled to 50° C. and dissolved 1n 3
ml xylene. Subsequently, IPDI (0.381 g) was added to this
solution followed by stirring overnight under argon for 50° C.
The reaction mixture was diluted with propylenecarbonate (2
ml.) and heated to 140° C. while stirring under argon for 2
hours. The reaction mixture was cooled, diluted with THF,
filtered, and precipitated in diethyl ether. After drying in
vacuo, a white elastic and tough material was obtained.
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The prepared PEG-UPy block copolymer was dissolved 1n
THF (1 g/10 mL) to which the appropriate amount of water
was added to get 10 weight % solids loading 1n water. This
clear solution was subsequently put 1n vacuo to remove the
THEF, resulting in a hydrogel comparable to Comparative

Example 16B.

Comparative Example 20

Telechelic PEG20000
Telechelic hydroxy terminated PEG-20000 (7.28 g)
together with  2-amino-4-hydroxy-6-methylpyrimidine

(0.122 g) and one drop of dibutyl tin dilaurate was heated 1n
vacuo 1n a Schlenk flask at 100° C. for 120 minutes and
subsequently cooled to 70° C. and dissolved in xylene (10
ml). Subsequently, 4,4'-methylenebis(cyclohexyl 1socyan-
ate) (0.191 g) was added to this solution followed by stirring
overnight under argon for 70° C. The reaction mixture was
diluted with propylenecarbonate (2 mL ) and heated to 140° C.
while stirring under argon for 2 hours. The reaction mixture
was cooled down, diluted with THE, filtered, and precipitated
into diethyl ether. After drying in vacuo, a white solid was
obtained.

The prepared telechelic UPy-PEG-UPy was dissolved 1n
THF (1 g/10 mL) to which the appropriate amount of water
was added to get a 2 weight % solids loading 1n water. This
clear solution was subsequently put 1n vacuo to remove the
THE, resulting in a low viscous aqueous solution.

The mvention claimed 1s:
1. A hydrogel comprising;:

(a) 0.3-50.0 wt. %, based on the total weight of the hydro-
gel, of a water gellant comprising a polymer backbone P
having the structure according to formula (A) or formula

(B):

P[L-(4H)], (A)

or

[P-L-(4H)-L-], (B)

wherein:
n 1s 1n the range of 1.8 to 10;
p 1s 1in the range of 2 to 25;

L 1s a hydrophobic linker selected from the group con-
sisting of cyclic, linear or branched C,-C,, alkylene
groups, C.-C,, arylene groups, C,-C,, alkarylene
groups and C,-C,, arylalkylene groups, wherein the
alkylene groups, arylene groups, alkarylene groups
and arylalkylene groups optionally, comprise 1-5 het-
croatoms selected from the group consisting of O, N
and S, wherein said hydrophobic linker L 1s
covalently connected to the 4H-unit via a urea, thio-
urea, urethane, thiourethane, amide, ester, carbonate,
secondary amine, tertiary amine or ether moiety, and
wherein the polymer backbone P and the hydrophobic
linker L are connected via a urea, thiourea, urethane,
thiourethane, amide, carbonate, secondary amine or
tertiary amine moiety; and wherein
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4H represents the 4H-unit that has the general formula

(1)or (2):

(1)

(2)

wherein the C—X, and the C—Y, linkages each repre-
sent a single or double bond, n" 1s 4 or more, and X,
represent donors or acceptors that form hydrogen
bridges with the H-bridge forming monomeric unit
containing a corresponding general form (2) linked to
them with X, representing a donor and Y, an acceptor
and vice versa; and

(b) 50.0 to 99.7 wt. % water.

2. The hydrogel according to claim 1, wherein the 4H-unit
has the general formula (3) or formula (4) and tautomers
thereof:

(3)

RE
H.__ R’
0O NT X
R! )‘l\ )\
R
H H
(4)
RZ
R H )\
NN Y
)\ )‘\ F fRB
O N N

wherein X 1s nitrogen atom or a carbon atom bearing a
substituent R*> and wherein R*, R*, R*> and R” are inde-
pendently selected from the group consisting of:

(1) hydrogen;

(11) C,-C,, alkyl;
(i) C4-C, , aryl;
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(1v) C,-C, , alkaryl;
(v) C,-C,, alkylaryl;
(v1) polyester groups having the formula (35)

- _ (3)
—(CRY)y —C—01Y

O

wherein R* andY are independently selected from the
group consisting of hydrogen and C,-C, linear or

branched alkyl, n' 1s 1-6 and m 1s 10 to 100;

(vi1) C,-C,, alkyl groups substituted with 1-4 ureido
groups according to the formula (6)

R°>—NH—C(O)—NH— (6)

wherein R” is selected from the group consisting of
hydrogen and C,-C, linear or branched alkyl;

(vi11) polyether groups having the formula (7)

(7)
—fCRﬁH—CRTH—Oﬂ:Y

whereinY, R° and R’ are independently selected from
the group consisting of hydrogen and C,-C, linear

or branched alkyl and o 1s 10-100; and

wherein the 4H-unit 1s bonded to a polymer backbone via
R,, R, and/or R, (so that R, R, or R, represent a direct
bond) with the other R groups representing, indepen-
dently a side chain according to (1)-(vii1).
3. The hydrogel according to claim 1, wherein the water
gellant has a molecular weight of 1,200 to 1,000,000.

4. The hydrogel according to claim 2, wherein the water
gellant has a molecular weight of 1,200 to 1,000,000.

5. The hydrogel according to claim 1, wherein the polymer
backbone P and the hydrophobic linker L are connected via a
urea or urcthane moiety.

6. The hydrogel according to claim 1, wherein the hydro-
phobic linker L 1s connected to the 4H-unit via a urea or amide
moiety.

7. The hydrogel according to claim 1, wherein the water
gellant has the formula (A) or the formula (B):

P-[L-(4H)], (A)

or

[P-L-(4H)-L-], (B)

obtained by:

(a) converting a polymer backbone P into a prepolymer
according to the formula P-[L]

Fi?

(b) introducing the 4H-unit at the termini of the hydropho-
bic linker moiety L, wherein P, L and the 4H-unit are
connected to each other by moieties selected from the
group consisting of urea, thiourea, urethane, thioure-
thane, amide, ester, carbonate, secondary amine, tertiary
amine and ether moieties.
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8. The hydrogel according to claim 1, wherein the water
gellant has the formula (A) or the formula (B),

P-[L-(4H)], (A)

or

[P-L-(4H)-L-], (B)

obtained by:

(a) functionalizing a hydrophobic linker L at a first termi-
nus thereol with a 4H-unit to provide a building block
having the structure 4H-[L]_, wherein q represents the
number of hydrophobic linker groups L attached to the
4H-unit and wherein q 1s 1 or 2, wherein the hydropho-
bic linker has a functional group at another terminus, and

(b) connecting the building block to the polymer backbone
P.

9. The hydrogel according to claim 1, wherein the polymer
backbone P as comprised by the water gellant has a molecular
weight of 250 to 200,000.

10. The hydrogel according to claim 7, wherein the poly-
mer backbone P has the formula P—(OH), , whereinn s in the
range of 1.8 to 10.

11. The hydrogel according to claim 10, wherein the poly-
mer backbone P has the formula P—(OH),,.

12. The hydrogel according to claim 10, wherein polymer
backbone P 1s telechelic.

13. The hydrogel according to claim 11, wherein polymer
backbone P—(OH), 1s selected from the group consisting of
polyethers, polyesters, polyamides, polycarbonates, polysi-
loxanes, hydrogenated polyolefins, polyortho esters, lower
molecular weight matenals that are derived from dimerized
fatty acids, or copolymers of these polymers.

14. The hydrogel according to claim 11, wherein polymer
backbone P—(OH), 1s a polyethylene glycol.

15. The hydrogel according to claim 10, wherein polymer
backbone P—(OH) 1sprepared from polymers obtainable by
(co)polymernization of vinyl monomers, the vinyl monomers
being selected from the group consisting of:

(a) monomers according to the formula (8)

P

O

(3)

wherein R® is independently selected from the group
consisting of:

(1) OH;

(11) C,-C,, linear or branched alkoxy, optionally substi-
tuted with 1-6 hydroxy groups;

(iii) amide according to the formula —N(R'"), wherein
R' can be hydrogen or C,-C, linear or branched
alkyl, optionally substituted with 1-6 hydroxy groups;

(1v) ammonium salt according to the formula) —[N
(R'),]"X", wherein R'” is as defined for (iii) and X is
a halogen atom; and

(v) a group according to the formula (9)

()

4[-0—(CH2)Q-]70R10
P
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wherein R'® is as defined for (iii) and p is 1-50 and q=2
or 3; and

wherein R” is hydrogen or methy];
(b) C,-C,, linear or branched alkyl vinyl ether;

(¢) vinyl alcohol;

(d) C,-C,, a-alkenylene m-sulfonate having an alkaline
earth metal cation or an alkali metal cation:

(¢) C.-C,, vinylaryl sulfonate according to formula (10)

(10)

/\j

Y

SO;M

RID

wherein R'? is as defined for (iii) and M is an alkaline
earth metal or an alkali metal cation;

(f) CH,—CH—R"", wherein R"" is selected from the
group consisting of pyrrolyl, mmidazolyl, pyrazolyl,
pyridinyl, pyrazinyl, pyrimidinyl, pyrrolidyl, indolyl,
indolizinyl, indazolyl, purinyl, quinolizinyl, quinolinyl,
1soquinolinyl, phthalizinyl, naphtypyridinyl, quinoxali-
nyl, quinazolinyl, cinnolinyl, pteridinyl, pyrrolidonyl,
pyrrolinyl, pyrrolidinyl, imidazolidinyl, imidazolinyl,
pyrazolidinyl, pyrazolinyl, pipenidyl, piperazinyl,
indolinyl, 1soindolinyl, morpholinyl, 1soxazolyl, furazi-
nyl, and 1sothiazolyl;

(g) CH,—CH—O—C(O)R'?, wherein R'* is selected
from the group consisting of C,-C, linear or branched

alkyl;

(h) CH,—CH—CH,OR">, wherein R" is selected from
the group consisting of hydrogen and C,-C, linear or
branched alkyl; and

(1) N-vinyl lactams according to the formula (11)
C(RB)

A

wherein R'” is as defined for (h) and r is 2-6.

16. The hydrogel according to claim 1, which further com-
prises a biologically active or pharmaceutically active com-
pound or a bioactive species.

17. A pharmaceutical or a biomedical composition com-
prising the hydrogel according to claim 1.

18. The hydrogel according to claim 6, wherein the hydro-
phobic linker L 1s selected from the group consisting of
cyclic, linear or branched C,-C,, alkylene groups and C.-C,,
arylene groups.

19. The hydrogel according to claim 6, wherein the hydro-
phobic linker L 1s a C-C, , alkylene group.

20. The hydrogel according to claim 7, wherein the hydro-
phobic linker L in the prepolymer P-[L]  1s terminated with an
amine moiety.

21. The hydrogel according to claim 8, wherein the hydro-
phobic linker L 1n the building block 4H-[L]_ 1s terminated
with an amine moiety.

22. The hydrogel according to claim 1, wherein the hydro-
phobic linker L 1s flanked by two amine moieties.

(11)

G o e = x
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